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ABSTRACT 
 Covering 30% of the land surface and storing 45% of terrestrial carbon, forest 
ecosystems play a major role in global biogeochemical cycles and climate. Despite the 
importance of forests, responses and feedbacks of forests to global change agents remain 
among the least understood processes in predicting future global change scenarios. We 
use the temperate forests biome of the eastern US as a case study to ask several general 
questions about tree physiology and ecology to inform key knowledge gaps relevant to 
predicting how forests will respond to future global change. 
 Trees invest significant amounts of carbon into support tissues, defense, and 
storage. To begin, we examine the process of tree carbon storage, as measured by 
nonstructural carbohydrates (NSCs) by evaluating the extent that NSCs vary as a function 
of tree life history strategy, physical traits, and phylogeny. We find that NSCs vary 
largely at broad taxonomic scales, and across study sites. This suggests that a broad-
based approach to studying NSCs is needed if they are to effectively inform ecosystem 
models. 
 Next, we use annual tree ring increments to determine the spatial scales 
controlling variation in tree growth. We find that individual variability is the largest 
		 vii 
control on growth, explaining 27% of variability – and primarily explained by tree size, 
canopy position, and species. Regional-scale variability is the next most dominant, 
explaining 13% of variability – half of which is explained by changes in species 
composition across the region. 
 Growth and mortality are important demographic processes responsible for large, 
and potentially rapid, changes to the terrestrial carbon cycle. In the last chapter, we 
explore the extent that NSCs explain growth and mortality. We find that stressed trees 
have significantly lower NSC concentrations than living trees and dead trees have the 
lowest concentrations. We also find that the strength and direction of the NSC – growth 
relationship varies greatly by species 
 This dissertation contributes to our understanding of the processes driving tree 
growth and NSC storage dynamics, as well as the extent to which NSCs drive tree 
demographic processes across eastern US forests. 
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INTRODUCTION 
Improving our understanding of the responses and feedbacks of the terrestrial 
biosphere to global change is critically important. The terrestrial biosphere is responsible 
for the uptake of ~27% of anthropogenic emissions annually, but is also the largest 
source of uncertainty in future projections of the global carbon cycle. Projections to 2100 
range from a net carbon sink of 4 PgCyr-1 to a source of 6 PgCyr-1, a range larger than 
current anthropogenic emissions (Ciais et al. 2013; Friedlingstein et al. 2014). Much of 
this variability is driven by how models represent forest responses to environmental 
stress. Covering ~30% of the land surface and storing ~45% of terrestrial carbon, forest 
ecosystems play a major role in global biogeochemical cycles and climate. In addition to 
their impacts on the carbon cycle, forests are important drivers of the hydrological cycle, 
moving large amounts of water through evapotranspiration, they are epicenters of 
biodiversity and provide many other ecosystem services and natural resources for humans 
(e.g. regulation of nutrients, wood for fuel and building materials, recreation areas) (FAO 
2011). Despite the importance of forests to the wellbeing of humans, responses and 
feedbacks of forests to global change agents remain among the least understood processes 
in predicting future global change scenarios (Pan et al. 2011). 
My dissertation aims to fill in key knowledge gaps in order to improve our ability 
to predict how forests will respond to future global change. We use the temperate forest 
biome of the eastern US as a case study to ask several general questions about tree 
physiology and ecology and how spatial scales influence processes from individual trees 
to the entire region. Currently, an artificial division exists between the fields of 
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ecophysiology and community ecology. Community ecologists, concerned with 
understanding community population dynamics (i.e. demography) often utilize forest gap 
and landscape models to make predictions. These models incorporate the stand-level 
effects of competition and succession, and dynamic landscape-scale interactions of 
species with their abiotic environment. However, these models cannot be scaled to 
regions and usually fail to capture the ecophysiological drivers of plant responses to 
global change, and provide limited insight into the effects of these processes on the 
carbon cycle and surface energy balance. Ecophysiologists tend to rely more on process-
based ecosystem models that do capture ecophysiological drivers. However, they often 
fail to account for the basic demographic processes that drive forest community dynamics 
(Ibáñez et al., 2006). We know that the long timescale dynamics of a system requires 
understanding community population dynamics, because growth, reproduction, storage, 
and mortality are the processes that move carbon in and out of vegetation pools.  
My dissertation seeks to link ecophysiology and demography in a way that can 
inform the next generation of models. The current generation of terrestrial biosphere 
models represents tree carbon storage pools and use them to drive processes like 
allocation to growth and reproduction, and determining probability of mortality (Dietze et 
al. 2014, Fisher et al. 2010, Medvigy et al. 2009, Moorcroft et al. 2001, Richardson et al. 
2013). However, the models for carbon allocation to storage typically take a black-box 
approach and have not been validated against data on carbohydrate reserves (Dietze et al. 
2014, Le Roux et al. 2001). Here we examine the internal process of carbon storage and 
scale it up to the individual tree using a measurement of wood nonstructural 
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carbohydrates (NSCs) and link that stored carbon to observations of demography (growth 
and mortality). 
We made the choice to examine patterns of tree NSCs and growth using tree rings 
on a broad scale. This was done specifically to increase our ability to inform ecosystem 
models by collecting data at the taxonomic, spatial, and climatic scales at which they 
operate. In the beginning of this dissertation, we first seek to understand and explain the 
spatial scales that drive observed patterns of tree NSC reserves. Next, we seek to do the 
same for growth by examining 50 years worth of annual growth data collected from tree 
ring increments. Lastly, we examine the relationships between NSC storage and 
demography. We explore whether NSCs can be used to predict mortality. Lastly, we 
explore the relationship between NSCs and growth and ask whether this relationship 
changes in response to several tree or environmental variables. 
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CHAPTER ONE: PHYLOGENY, NOT LIFE HISTORY, EXPLAINS TREE 
NONSTRUCTURAL CARBOHYDRATES IN EASTERN US FORESTS 
Introduction 
For plants to survive and reproduce, they must assimilate enough carbon to build 
and maintain the biomass of all major tissue types. Plants also need to store carbon for 
times when metabolism exceeds assimilation from photosynthesis, for example at night 
or due to winter or dry-season dormancy (Chapin et al. 1990, Dietze et al. 2014). 
Deciduous plants must also store enough carbon to grow new leaves at the end of their 
dormant season. Long-lived perennial plants, like trees, also require tolerance to, and 
ability to regrow after, numerous and varied stresses and disturbances, including drought, 
flooding, pests, pathogens, and pollution to name a few (Chapin et al. 1990, Kozlowski 
1992, Hartmann & Trombore 2016). Trees must also balance competition for resources 
with tolerance for damage and disturbance, which causes them to invest nontrivial 
amounts of carbon into support tissues and defense, in addition to storage (Dietze et al. 
2014, Kozlowski 1992, McDowell et al. 2008, Sala 2012). 
Despite extensive research on nonstructural carbon – particularly nonstructural 
carbohydrates (NSCs) – in recent years, many questions about how plants allocate to 
storage still exists. There are many questions as to the extent that NSCs vary as a function 
of life history strategy, plant physical traits, and phylogeny. There is a long history of 
research exploring the trade-offs between different plant life history strategies (Kobe et 
al. 1995, Pacala et al 1996, Tilman 1988, Grubb 2015). This research suggests trees that 
employ a conservative growth strategy (i.e. late successional, “shade-tolerant” species) 
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should be allocating a larger fraction of their assimilated carbon to storage than trees that 
employ an aggressive growth strategy (i.e. early successional, “shade-intolerant” 
species). It has been argued that these slow-growing long-lived trees should buffer 
against mortality by storing more carbon in a form that can be made accessible during 
some stressor event that prevents or decreases carbon assimilation; while fast-growing 
and short-lived trees allocate more carbon to tissue growth in an effort to maximize 
access to resources (e.g. light, water, nutrients). A seminal paper by Chapin et al. (1990) 
concluded that unequivocal empirical evidence for a growth-storage trade-off was well 
documented for herbaceous plants, but not trees – due to a lack of data. However, it was 
shown that NSC accumulation is most pronounced in species with inherently slow growth 
rates (Dietze et al. 2014). 
In contrast to the research on plant life history strategies, relatively little research 
has been done to assess how NSCs vary across plant taxa and environmental space, either 
in response to regional climatic gradients or landscape-scale edaphic gradients. 
Additionally, to my knowledge, no studies have explored the relationship between tree 
NSCs and physical traits (e.g. wood anatomy). Studies performed in non-tropical forests 
have been limited to one, or several sites, with only a handful of taxa represented 
(Anderreg et al. 2012, Carbone et al. 2013, Galiano et al. 2011, Kobe & Coates 1997, 
Maguire & Kobe 2015, Richardson et al. 2013, Wiley et al. 2016). A taxonomically 
diverse global synthesis of NSC seasonal dynamics of woody and herbaceous plants 
(Martínez-Vilalta et al. 2016) found little variability in stem NSC concentrations across 
very broad plant functional types grouped by conifer, evergreen, drought deciduous, 
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winter deciduous and herbaceous species. They also found little variability in stem NSCs 
across boreal, temperate, Mediterranean and tropical biomes. While informative, this 
meta-analysis has several limitations: there are known issues with comparing NSC results 
obtained using different methods of extraction and quantification (Quentin et al. 2015) 
and the plant functional types used were very broadly defined, which could explain the 
lack of variability observed. 
Despite the dearth of data on the relationships between nonstructural 
carbohydrates and tree life history, physical traits, or phylogenetics, nonstructural carbon 
storage pools are used to drive the carbon allocation and mortality schemes of the current 
generation of terrestrial biosphere models. These models are often operating at regional 
to continental scales (Le Roux et al. 2001, Fisher 2010, Medvigy et al. 2009, Moorcroft et 
al. 2001, Smith et al. 2001). This means that we are making assumptions about how 
NSCs operate in these models, with little to no data to substantiate our assumptions. In 
order to test our assumptions of how NSCs operate within these models we must have 
NSC data at the scale these models are operating. 
With the need for a better understanding of the patterns and drivers of tree NSCs 
across a wide taxonomic and spatial gradient in mind, I established a regional-scale 
hierarchically-structured sampling approach to assess NSC patterns at scales from the 
biome to the individual. Using this network, I am asking the following questions: 
How do tree NSC concentrations vary across spatial scales? What is the dominant scale 
of variability? 
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- Tree NSC concentrations respond to environmental stressors. NSCs depletion 
during drought has been observed in saplings and adult trees, both conifer and 
hardwood, temperate and tropical (Adams et al. 2013, Canham et al. 1999, 
Galiano et al. 2011, O’Brien et al. 2014). NSCs also respond to forest light 
levels and their depletion under low light is a proposed mechanism for self-
thinning and survival under low light in forests (Yoda et al. 1963, Kobe & 
Coates 1997, Dietze et al. 2014).  
Scale Hypothesis: A combination of regional-scale climatic gradients and 
individual scale factors are the dominant drivers of NSCs. There will be a positive 
relationship between average annual temperature and NSCs and a positive 
relationship between canopy position and NSCs.  
Do tree NSC concentrations increase with tree size? 
- Previous studies have also noted a tendency for NSC concentrations to 
increase with tree height and size (Sala & Hoch 2009, Sala et al. 2012). With 
this work in mind, it is expected that as trees mature and increase in size they 
will have, on average, a higher concentration of NSC per unit biomass, as a 
result of both higher instantaneous GPP (greater light availability) and from 
many years of storage during the growing season, as compared to younger 
smaller trees.  
Size Hypothesis: There will be a strong positive relationship between tree size and 
NSC concentration. 
Does the position of a tree in the forest canopy explain NSC concentrations? 
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- Increased NSC concentrations were shown to increase sapling survivorship 
under low light conditions (Kobe & Coates 1997). However, no study has 
directly tested what effect canopy position, used as a proxy for light 
availability, has on NSC concentrations in trees larger than saplings. 
However, it is well established that both photosynthesis and growth increase 
with light availability (Chapin et al. 1990, Kozlowski 1992).  
Canopy Hypothesis: There will be a strong positive effect of canopy position on 
NSC concentrations, where canopy-dominant individuals have higher 
concentrations than trees in the understory. 
Do physical traits or phylogenetics explain variability in tree NSC concentrations? 
- The only NSC study to include a taxonomically diverse sample of trees 
(Martínez-Vilalta et al. 2016) found very little variability across broadly 
defined plant functional types and did not perform a more detailed 
phylogenetic analysis to determine the extent that species level differences 
explain NSC concentrations. Although NSCs were not explicitly explored, 
Kobe et al. (1995) explored the growth-survival tradeoff as a function of 
shade tolerance and found that slow growing, shade tolerant, species have 
higher survivorship in low light conditions. In addition to phylogenetics, the 
ability of more specific plant functional types, based on shade tolerance, and 
wood anatomy to explain NSCs is explored.  
Trait Hypothesis: Plant functional types, which are based on a tolerance for low 
light levels, will explain more variance than phylogeny or wood anatomy. NSC 
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concentrations will increase with more shade tolerant PFTs that are storing 
carbon instead of allocating it to growth. 
a.                 b. 
 
Figure 1.1 (a.) Green areas indicate 1km pixels coded as forest in the North American Land Cover 
Characteristics data layer produced from AVHRR satellite data. (b.) Orange areas indicate 50yr mean 
temperature and precipitation estimates from the PRISM project for eastern forest area. 
 
Table 1.1: Study Sites. Sites with * have at least one existing eddy-covariance tower.  
Materials and Methods 
Site Selection and Plot Establishment 
Ten forest sites were selected to be well distributed across climate space for 
eastern US forests (Figure 1.1a, b) and based on the presence of existing or planned 
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infrastructure and ancillary data (e.g. weather, eddy-covariance, management history) 
(Table 1.1). Climate space was constructed using mean annual temperature and 
precipitation for 50 years (2010 – 1961). 4-Kilometer gridded, annual, values were 
retrieved from the PRISM Climate Group (Oregon State University, 
http://prism.oregonstate.edu). Sites chosen are within the Long Term Ecological Research 
(LTER) network, the National Ecological Observatory Network (NEON), Ameriflux, and 
the USFS experimental forest networks (Table 1.1). At 7 of the 10 sites, 8 forest 
inventory plots were established across dominant landscape-scale environmental 
gradients (Figure 1.2). At Duke Forest and Coweeta we rely on previously established 
plots, while Vermilion Observatory was established as a pilot site and due to its small 
size only had 6 landscape classifications and associated plots. To determine plot 
locations, GIS layers for elevation, slope, aspect, soil hydraulic conductivity, topographic 
moisture index, pH, and hillshade were normalized at each site, then classified using k-
means clustering into eight discrete classes (classified map) (Figure 1.2). The maps were 
then buffered 5m to avoid existing research infrastructure and for anthropogenic features 
such as roads and power lines to avoid edge effects. Within each classification plots were 
proposed in a random manner, resulting in a stratified random sampling approach across 
each site.  
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Figure 1.2 Example of landscape classification for Baskett Study Area, Ashland, MO. Forest inventory plots 
were placed based on the Classified Map for each of the 10 sites. 
Forest inventory plots were established and remeasured at 8 of the 10 sites in the 
summers of 2009, 2011 and 2012, with all plots being remeasured in summers 2013-14. 
These plots use a design based on the US Forest Service Forest Inventory and Analysis 
(FIA) plot design, in which there is one central plot and three equi-angular (0°, 120°, 
240°) plots spaced at 50 meters, but with larger subplots (225 m2 vs. 168 m2). Two sites 
(Duke Forest and Coweeta LTER) had forest inventory plots established in 2003, which 
were remeasured in 2009 and 2011-14. These previously established plots use a design 
consisting of three, instead of four, slightly smaller subplots (150 m2) than those 
established explicitly for this study, but with a larger total number of plots (43 at Coweeta 
and 28 at Duke Forest). Additionally, all plot locations are geolocated for the purposes of 
mapping and the potential extraction of additional GIS data layers and remotely-sensed 
imagery (GeoXH field computer, Trimble Navigation Limited, Sunnyvale, CA).  
Sample Collection 
In each plot, all stems > 5cm DBH (1.3 meters above ground level) were censused 
(identified to species, mapped, tagged and measured at DBH) and all stems > 15cm DBH 
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were cored for NSC quantification using a standard 5.15 mm diameter increment borer 
(Haglof Inc., Madison, MS). Cores were collected at approximately 1 meter above 
ground level to avoid damaging bark at DBH and interfering with repeat measurements 
of diameter. Cores were also collected from sections of the stem with no signs of visible 
damage when possible. To arrest metabolism of carbohydrates, cores were immediately 
frozen in the field using dry ice. When dry ice was not available, cores were kept on 
regular ice in the field and microwaved for 60 – 90 seconds at the end of the day. Prior to 
transport between sites, all cores were microwaved once – regardless of dry ice 
availability on-site. Cores were then kept frozen until returned to the laboratory, at which 
point all samples were stored at -80°C. 
Choice of NSCs Analyzed 
Trees store nonstructural carbon in many different forms, which serve a variety of 
functions. The primary storage compound for most species is starch (Hartman & 
Trumbore, 2016). In addition to storage, nonstructural carbon in the form of mono-, di- 
and oligosaccharides are used to maintain metabolism and osmotic gradients, and to 
transport sugars from sources (e.g. leaves) to sinks (e.g. fruit). Glucose and fructose are 
common monosaccharides serving major roles in metabolism in most species (Hartmann 
& Trumbore 2016, Smith & Stitt 2007). Sucrose is the most common transport sugar in 
most tree species. Due to their common utility, we focused our analysis of nonstructural 
carbon on starch, glucose, fructose, and sucrose. 
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Sample Preparation and Quantification 
Tree cores were analyzed using a high-throughput enzymatic assay modified from 
established protocols (Chow and Landhäusser 2004; Hendrix 1993; Smith and Zeeman 
2006, A. Rodgers personal communication 2015). Samples from Summer 2014 were 
lyophilized for 48-72 hours (Labconco 2.5 L freeze dryer, Labconco, Kansas City, MO). 
The most recent one centimeter of wood growth was then isolated and ground into a fine 
powder with a ball mill (SPEX SamplePrep, Metuchen, NJ). 25 to 30 milligrams wood 
powder was used for analysis, with the remainder archived at -80°C.  
Hot ethanol was used to extract alcohol soluble sugars from wood powder. 
Glucose, fructose and sucrose concentrations were quantified, as they are known to be the 
dominant soluble sugars in many tree species (Quentin et al. 2015). Starch was then 
extracted by heating the remaining wood powder in sodium hydroxide, which gelatinizes 
the starch granule. Starch was then degraded into sugar using amyloglucosidase and 
alpha-amylase. Starch and sugar samples were analyzed using a 96-well plate 
spectrophotometer (Multiskan GO Plate Reader, Thermo Scientific Inc., Waltham, MA). 
Multiple enzymes were used to quantify sample carbohydrate concentrations. Hexokinase 
was used to quantify glucose and starch, while phosphoglucose isomerase (PGI) and 
invertase were used to quantify fructose and sucrose, respectively. Enzyme kinetics was 
measured at a wavelength of 340 nanometers. Starch and sugar concentrations are 
reported on a dry-mass basis in milligrams of carbohydrate per gram of dry wood (mg g-
1). Every extracted sample was run in duplicate and averaged. Samples with a coefficient 
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of variation > 10%, or samples that fail to convert all carbohydrates – as determined by a 
non-asymptotic kinetics curve – were re-analyzed.  
Statistical Analysis 
The scale hypothesis was tested using a linear model, and relative importance of 
each scale was determined by the percentage of variance explained by the coefficient of 
each scale. The size and canopy hypotheses were tested using linear models and analysis 
of variance (ANOVA). Tukey’s Honestly Significant Difference (HSD) was used post-
hoc to determine statistically significant differences between group means for ANOVA 
analyses where appropriate. The trait hypothesis was tested with a mixed effects 
generalized linear model (GLM) and relative importance of variables was again 
determined using the percentage of variance explained by each coefficient in the model. 
Plant functional types (PFTs) are based on Dietze and Moorcroft (2011). All statistical 
analyses were performed using R version 3.2.1 (R Core Team, 2015). Non-base packages 
utilized include: lme4 (Bates et al. 2015), ggplot2 (Wickham, 2009), plyr (Wickham, 
2011), gridExtra (Auguie 2016), multcompView (Graves et al. 2015), and MuMIn 
(Bartoń 2016).  
Results 
Trees identified as dead (n = 76) in the field were excluded from this analysis, as 
they were shown to have significantly reduced NSC concentrations (coef: -41.1, R2 = .08, 
p < 0.001). Rare species, with less than 5 individuals, were also excluded. This resulted in 
the removal of an additional 24 trees and a reduction of observed species from 67 to the 
45 used in the final analysis. 159 trees were identified as stressed in the field, but were 
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not removed from analysis, since the effective difference between stressed and alive 
individuals (-10.3 mg g-1) was much smaller than that of alive and dead (-41.1 mg g-1).  
Median values from all study individuals (n = 1865) for glucose, fructose, 
sucrose, starch and total NSCs are 8.06, 7.10, 13.6, 22.1, and 53.52 mg g-1 respectively, 
and total NSC ranges from 11.1 to 170.8 mg g-1 across all individuals (Figure 1.3). An 
analysis of total NSC components reveals that total NSC is predicted well by starch alone 
(R2 = .87, p < 0.001, f = 12,260, df = 1865).  All analyses were performed on total NSC, 
total sugar, starch, glucose, fructose, and sucrose concentrations, respectively. When 
results were qualitatively the same, only total NSC figures are reported in the main text. 
All remaining NSC component figures are reported in Appendix 1.  
 
Figure 1.?. Concentrations of all measured NSC components (glucose, fructose, sucrose, starch) and total NSC. 
The violin plot shows the two-sided density of concentrations of each component for all individuals (n = 1865). 
All soluble sugars combined account for slightly more than half of all total NSCs, while starch is the most 
dominant individual component of total NSC. 
Scale Hypothesis 
A nested ANOVA for hierarchical spatial effects for total NSC shows that 
regional effects (across site effects) accounts for 20% of total variance (f = 52.3516, p < 
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0.001), while landscape effects (within site and across plot effects) account for 0.8% (f = 
1.8851, p = .043) and microsite effects (within plot effects) account for 2.1% (f = 1.7944, 
p = .007). The remaining 77.1% of variance is unaccounted for (Table 1.2). The results 
for all other NSC components are qualitatively the same (Table 1.2. Individual effects 
will account for some of this, while the remainder is unexplained residual. A Tukey’s 
HSD test (p = .05) of site-level differences shows that there are significant differences 
between sites (Figure 1.3). Vermillion River Observatory (V) and Baskett Study Area 
(M) exhibited higher NSC concentrations than all other sites. The University of Notre 
Dame Environmental Research Center (W) exhibited lower NSC concentrations than all 
other sites, except for Harvard Forest (H) (Figure 1.4). Differences between sites were 
similar for total NSC, total sugar, sucrose, and starch (Appendix 1, Figure A1.1). Glucose 
and Fructose displayed different patterns, with the five coldest sites generally showing 
lower concentrations than the five warmest sites (Figure 1.5).  
 
Table 1.2 Variance explained by hierarchical spatial effects of total NSC and each component. ANOVAs were 
significant for total NSC and all components.  
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Figure 1.?. Total NSC concentrations in individuals across study sites. Nested ANOVA with post-hoc Tukey’s 
HSD shows significant effects and groupings of site-level differences. Sites are ordered by mean annual 
temperature from coldest to warmest. 
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Figure 1.? Glucose (top) and Fructose (bottom) concentrations of all individuals across study sites. Tukey’s HSD 
groupings denote significant differences between sites. Sites are ordered by mean annual temperature from 
coldest to warmest. 
  
Since the regional effect is the largest spatial component tested, the relationship 
between NSC and climate was explored. There is a significant relationship between 50-
year mean annual temperature and NSC for all components (Table 1.3). The strongest 
relationship is with total sugar (R2 = 0.17), however the most positive relationship is with 
total NSC (estimate = 1.68 mg g-1 °C-1) (Table 1.3). There are significant differences 
between the responses of NSC to temperature for all components, with the exception of 
the individual sugar components, whose slopes do not differ from one another. The 
temperature relationship is the weakest for starch and sucrose components (Table 1.3). 
The relationship between 50-year mean annual precipitation and NSC components was 
also tested. The relationship between precipitation and NSC was far weaker and non-
significant for all except glucose (R2 = 0.01, estimate = -0.002 mg g-1 mm-1, p < 0.001) 
and sucrose (R2 = 0.01, estimate = -0.003 mg g-1 mm-1, p < 0.001). 
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Table 1.3 Relationship between NSC components and mean annual temperature. Estimate is increase in NSC 
component per degree Celsius.  
Size Hypothesis 
 There is a significant, but weak positive relationship between total NSC 
and DBH (R2 = 0.06, p < 0.001) (Figure 1.6, Table 1.4). The relationship between total 
sugar and DBH is the strongest (R2 = 0.11, p < 0.001) and starch was the weakest (R2 = 
0.02, p < 0.001). All components had significant relationships across all species (Table 
1.4). To determine whether species level differences in NSCs were masking this 
relationship; we repeated the analysis within the most abundant species and genera 
(Figure 1.6, Table 1.4). There was significant variability in the relationship between these 
most common groups.  Starch was not significant for any subgroup and for all subgroups 
either total sugar or one sugar component had the strongest relationship with DBH. Only 
Fagus grandifolia and Tsuga Canadensis had stronger relationships than those for all 
species. F. grandifolia had the strongest relationships for sucrose (R2 = 0.16) and total 
sugar (R2 = 0.15) and relatively large slopes of 0.22 mg g-1 cm-1 and 0.27 mg g-1 cm-1 
respectively. T. canadensis had the strongest relationships for total sugar (R2 = 0.14), 
glucose (R2 = 0.14), and fructose (R2 = 0.18), but the slopes were relatively small: 0.14 
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mg g-1 cm-1, 0.07 mg g-1 cm-1, and 0.05 mg g-1 cm-1 respectively. Explanatory power was 
weaker for all components for the genera Quercus and Acer (Table 1.4). 
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Table 1.4 NSC components as a function of tree size as measured by DBH. Components for all species and 
common species and genera are reported. Components with non-significant relationships denoted with (ns).  
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Figure 1.?. Total NSC as a function of tree size as measured by DBH for all individuals (n = 1865), Quercus 
species (n = 430), Fagus granifolia (n = 94), Tsuga canadensis (n = 158), and Acer species (n = 363). Yellow lines 
are linear regressions. Regressions are significant for all except Fagus grandifolia. 
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Canopy Hypothesis 
There is also a significant, but very weak relationship between NSCs and canopy 
position (R2 = .04, p < 0.001) (Table 1.5, Figure 1.7). Across all species, NSC 
concentrations are lowest in understory individuals and highest in canopy dominants. 
Common species and genera were again analyzed to check for masking effects from 
species differences. The relationships for total NSC were qualitatively similar for all 
subcategories, except that there were no differences with canopy position in F. 
grandifolia and Acer (Figure 1.7). The relationships were weaker or non-significant for 
all other NSC components and taxonomic subcategories except for total sugar (R2 = 0.13, 
p < 0.001) and fructose (R2 = 0.14, p < 0.001) of T. canadensis (Table 1.5). There were 
no significant relationships with canopy position, or differences between canopy position 
in Acer for any NSC components and only starch had a significant relationship for F. 
grandifolia. The relationships for Quercus were similar to all species, except that glucose 
and fructose were non-significant. Only understory and co-dominant individuals were 
observed for T. canadensis. 
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Table 1.5 NSC components as a function of canopy position. Components for all species and common species 
and genera are reported. Components with non-significant relationships denoted with (ns). 
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Figure 1.7. Total NSC across canopy status for all individuals, Quercus species, Fagus granifolia, Tsuga 
canadensis, and Acer species. Post-hoc Tukey’s HSD (p = .05) used to determine grouping. Only Understory and 
Co-dominant individuals observed for Tsuga canadensis. 
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Trait Hypothesis 
Wood anatomy is a significant and strong predictor of total NSC concentrations 
(R2 = .43, p < 0.001) (Table 1.6). It is almost as equally strong of a predictor of total 
sugar and starch concentrations. It is slightly less predictive of glucose, fructose and 
sucrose (Table 1.6). There are also significant differences between most wood anatomy 
groups (Figure 1.8) and the qualitative relationships between these groups are mostly 
similar for all NSC components (Figure 1.8, Appendix 1 Figure A1.2) with significant 
differences between all groups except for ring (mostly genera Quercus) and semi-ring 
porous trees (mostly genera Carya), both of which have the highest average 
concentrations among all of the wood anatomy types (Tukey’s HSD, p = 0.05). Conifers 
lacking resin ducts, like T. Canadensis (Eastern Hemlock), have the lowest 
concentrations of total NSCs (Figure 1.8). Conifers with large Resin ducts (Pinus species) 
had significantly higher NSCs than those with no resin ducts, but were still lower than all 
hardwood groups (ring porous, semi-ring porous, diffuse porous) (Figure 1.8). 
 
Table 1.6 NSC components as a function of wood anatomy.  
		
27 
 
Figure 1.8. Total NSC concentrations across the plant trait wood anatomy. Significant differences between wood 
anatomy types are distinguished with post-hoc Tukey’s HSD groupings. 
 
PFTs have substantial overlap with wood anatomy in the species encapsulated, 
however, this classification considers the shade tolerance of each species. PFT is also a 
significant predictor of total NSC (R2 = .36, p < 0.001) (Table 1.7), but has slightly less 
explanatory power than wood anatomy (Table 1.6). The relationships between PFT and 
all NSC components are significant (p < 0.001) (Table 1.7). PFT is far less predictive of 
total sugar (R2 = 0.21), glucose (R2 = 0.05), and fructose (R2 = 0.05) as compared to 
wood anatomy (Table 1.6, 1.7). There are significant differences in total NSC between all 
PFTs, with mid-successional hardwoods having the highest concentrations and both early 
and late successional conifers having lower concentrations than all hardwood PFTs 
(Figure 1.9). Among the hardwoods, total NSC concentrations were lowest in early 
hardwood, intermediate in late hardwood and highest in mid hardwood PFTs (Figure 
1.9). The relationships between PFT and all other NSC components were qualitatively 
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similar, however there were fewer significant differences between PFTs (Appendix 1, 
Figure A1.3). 
 
Table 1.7 NSC components as a function of Plant Functional Type (PFT). 
 
Figure 1.9. Total NSC concentrations across five plant functional types: Early and Late Conifer, and Early, Mid 
and Late Hardwood. Significant differences between all groups were identified with post-hoc Tukey’s HSD (p = 
.05).  
 Tree species is a strong predictor of total NSC (R2 = 0.59, p < 0.001), and all other 
NSC components (Table 1.8). There is substantial variability in total NSC between 
species that also corresponds closely with wood anatomy and phylogeny (Figure 1.10). 
Species variability is greatest for total NSC, followed by starch and total sugar. There is 
less variability in individual sugars (Appendix 1, A1.4).  
 
		
29 
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Figure 1.10. Total NSC across all species, by phylogenetic relationship.  Box and whisker plots, with outliers 
included, are filled by wood anatomy classification. Phylogenetic relationships of all species are shown with the 
underlying rooted phylogenetic tree based on NCBI taxonomy (http://phylot.biobyte.de/). The sample size of 
every species (n = 45) is displayed. 
 
Table 1.8 NSC components as a function of tree species. 
 
To understand how multiple explanatory variables were interacting to explain 
observed NSC concentration, and answer the trait hypothesis, a linear mixed-effects 
model was developed using all of the aforementioned variables. Taxonomy back to 
Subclass and a species-by-site interaction term were also included in the full model. All 
results from the full model are reported in Table 1.9. The full model was able to account 
for 72.7% of variance in total NSCs across all individuals. Variance explained was 
similar for total sugar, fructose, sucrose, and starch. Only 60.6% of the variance was 
explained for glucose. Order was the single strongest predictor among total NSC 
(19.05%), total sugar (21.93%), sucrose (18.18%), and starch (13.04%). Region remained 
the strongest predictor for glucose (15.92%), as well as a strong predictor for fructose 
(12.05%) and sucrose (14.81%). Subclass was the strongest predictor in fructose 
(26.54%). 
Among all NSC components, the most important phylogenetic variables were 
either Order or Subclass. Genus, or Family, explained almost no variance for any of the 
		
31 
NSC components. All phylogenetic components combined explained 23.96% of variance 
for total NSC, 25.98% for total sugar, 17.75% for glucose, 29.67% for fructose, 23.61% 
for sucrose, and 27.86% for starch. The relative importance of PFT and Wood Anatomy 
decreased substantially for all NSC components, with the most explanatory power going 
to wood anatomy for fructose (9.6%). PFT and wood anatomy combined only accounted 
for 7.86%, 13.28%, 9.46%, 10.98%, 3.82%, and 6.43% when all other factors are 
included. 
The importance of DBH as a predictor increased substantially for total NSC 
(16.94%), total sugar (14.97%), and sucrose (17.15%). Canopy position increased 
substantially in importance for total NSC (10.88%) and starch (11%). 
 
Table 1.9. Partial variance explained by linear mixed-effects model coefficients. Fixed and random effects are 
included. Spatial coefficients are nested (Site(Landscape(Microsite))). Species : Region is the interaction between 
the two, accounting for differences in species composition across sites. 
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Discussion 
 Overall, results suggest that the broadest spatial and phylogenetic scales, as well 
as tree size and canopy position, most describe NSC concentrations. The large differences 
in NSC concentrations across taxa and the dominance of the regional (across-site) spatial 
scale suggests that there is much to be gained from taking a broad-based approach to 
NSCs, particularly within the context of informing ecosystem models. Without sampling 
this diversity, the wide variations in NSCs would have been missed. This will become 
increasingly important as the carbon allocation and storage schemes of ecosystem models 
are tested against empirical data. Without measurements from the representative taxa, and 
by focusing primarily on PFT differences (5.6% of observed variability), models may be 
calibrated using unrealistic coefficients for storage, potentially leading to large errors in 
storage pools, allocation dynamics and larger ecosystem dynamics. 
Scale Hypothesis: A combination of regional-scale climatic gradients and 
individual scale factors are the dominant drivers of NSCs. There will be a positive 
relationship between average annual temperature and NSCs and a positive 
relationship between canopy position and NSCs.  
 This hypothesis was mostly supported by the data. Among region, landscape, and 
microsite, the regional scale was by far most dominant for all NSC components (Table 
1.2). However, the regional scale still only accounted for 20% of the variance in NSCs 
when only space was considered. This left a large portion of variance unexplained until 
effects accounting for individuals were included in the model, and accounted for 60% of 
total variance (Table 1.9) – making the individual the dominant spatial scale. Total NSC 
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and all NSC components also increased with warmer temperatures, however, the strength 
of the relationship (R2 = 0.03 – 0.17) and NSC sensitivity to temperature (slope = 0.30 – 
1.68) varied substantially. Mean annual precipitation was not a significant predictor of 
any NSC components. In the full model, the explanatory power of mean annual 
temperature also decreased drastically to less than 1% in all but total NSC and total sugar 
(Table 1.9). While the regional effect was mostly explained by other factors, the 
remaining unexplained variance suggests that other climatic factors (e.g. maximum or 
minimum temperatures, VPD), or other regional factors (e.g. nitrogen deposition, ozone) 
may also play a role in explaining NSC variability.  
NSCs also increased with a higher position in the canopy (Figure 1.7), with 
canopy dominant individuals having the largest total NSC concentrations, followed by 
co-dominant individuals, while understory individuals had the lowest concentrations. 
While this relationship initially appeared weak, when other variables are accounted for, 
the relationship became significantly stronger (Table 1.9). 
Size Hypothesis: There will be a strong positive relationship between tree size and 
NSC concentration. 
 This hypothesis was mostly supported by the data. When compared in isolation, 
there is a positive, but relatively weak relationship between tree size and NSC 
concentrations (R2 = 0.06). This relationship was also weak when looking at the most 
common species and genera (Table 1.4, Figure 1.5). However, in the full model, the 
importance of tree size became more apparent, as it was the second strongest predictor 
for total NSC, total sugar, and sucrose, and the third strongest predictor for starch (Table 
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1.9). DBH increased in explanatory power by 2-3x for each of these categories. This 
suggests that the relationship between tree size and NSCs was being masked, not by 
species composition, but by a combination of phylogenetic, spatial, and trait variables. 
Previous smaller studies have also found a strong relationship with size. It is possible that 
the actual effect of tree size is even greater than we have observed in our study. The 15 
cm DBH or larger trees used for this analysis represent fairly well established individuals 
and may represent the least sensitive portion of the relationship between size and NSCs. 
The effect of tree size for trees less than 15 cm DBH may be much stronger.  
Canopy Hypothesis: There will be a strong positive effect of canopy position on 
NSC concentrations, where canopy-dominant individuals have higher 
concentrations than trees in the understory. 
This hypothesis was also mostly supported by the data. Again, there was a weak 
positive effect for all NSC components across all species (total NSC R2 = .04), with NSC 
concentrations lowest in the understory, slightly higher in co-dominant individuals, and 
the highest in canopy dominant trees (Table 1.5, Figure 1.7). When the most common 
species and genera were subsampled only Quercus and Tsuga canadensis remained 
significant for almost all components, and only starch was significant for Fagus 
grandifolia, and the explanatory power was equally as weak or weaker (Table 1.5, Figure 
1.7). These results were surprising given previous research on survival of saplings under 
low light conditions. This suggests that although the individuals examined were in 
different positions in the forest canopy, the light level differences may not have been 
severe enough to detect a large effect. However, when the full model was considered, the 
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strength of the relationship increased by ~2.5x for total NSC and starch, becoming the 
third and second most important predictors respectively. Similarly to tree size, it is 
possible that the strength of this relationship would increase for trees in the lowest layers 
of the forest understory (i.e. saplings) experience light levels low enough to cause even 
more substantial depletion of NSC reserves. To explore both size and canopy position 
further, the NSC samples collected from these same plots for individuals < 15cm DBH 
will need to be analyzed. 
Trait Hypothesis: Plant functional types, which are based on a tolerance for low 
light levels, will explain more variance than phylogeny or wood anatomy. NSC 
concentrations will increase with more shade tolerant PFTs that are storing 
carbon instead of allocating it to growth. 
 Phylogeny, size, and canopy position explain most of the variability in NSCs 
(Table 1.9) therefore this hypothesis was rejected. The strong effects of PFT (Table 1.7, 
Figure 1.9, R2 = .36) and wood anatomy (Table 1.6, Figure 1.8, R2 = .43) when 
considering each individually suggests that shade tolerance and wood anatomy are 
conserved by phylogeny, causing them to be convoluted in terms of explanatory power. 
 Of the 60.6% to 74.39% of variance in NSC components explained, broad 
phylogeny in the form of Subclass or Order explain 14.38% to 26.54% of variance. These 
classifications represent the single best predictor of NSCs in all components except 
glucose, in which Subclass is the second best predictor (Table 1.9). These broad-scale 
taxonomic classifications represent major groupings, such as the grouping of 
gymnosperms and angiosperms. Species and differences in species composition between 
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sites still explain some variability (3.52 – 12.19%) in NSC components, suggesting that 
more nuanced differences between species are still playing some role in variability. Some 
limitations to our ability to make inferences from the current analysis do exist. We are 
using the iTOL phylogenetic tree, which is based on NCBI taxonomy, rather than gene 
sequences. Future analysis should be expanded to a more robust phylogenetic distance-
based approach.  
Despite this limitation and the convolution of phylogeny and physiology, these 
data do give us the potential to study species that will allow us to better disentangle 
phylogeny from physiology. Species or Genera that are close in phylogenetic distance, 
but that differ in wood anatomy such as Fagus grandifolia and Quercus, Ulmus and 
Prunus, Fraxinus and Nyssa or Oxydendrum, may offer this ability. The current data for 
these comparisons give mixed interpretations. The F. grandifolia and Quercus 
comparison suggest that for closely related species, those with ring porous wood will 
have higher total NSC and total sugar concentrations (but not starch) than diffuse porous 
species (Figure 1.10, A1.4). However, the same interpretation does not hold when 
comparing Fraxinus and Nyssa or Oxydendrum (Figure 1.10). These species have smaller 
sample sizes; so in order to tease out these differences more samples will likely be 
required. However, this solution is complicated by the possibility that NSC 
concentrations are simply spread more diffusely in diffuse-porous wood, compared to 
ring-porous which are known to have a narrow band of sapwood and the increase in 
concentration observed in oaks is simply an artifact of sapwood area and the sampling 
design of measuring NSCs on the first one centimeter of sapwood. This could be 
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addressed by measuring NSC concentrations from sections of core deeper than 1 
centimeter. 
While the results clearly show that conifers have significantly lower NSC 
concentrations than hardwoods, the current data are not sufficient to separate of 
phylogeny from phenology. In order to do this, NSC concentrations of evergreen and 
deciduous conifers (e.g. Larix laricina, tamarack) and evergreen hardwoods (e.g. 
Quercus virginiana & laurifolia, southern live oak & laurel oak) would need to be 
targeted and compared. The current dataset does not contain any deciduous conifer 
species. At the moment evergreen oaks do not appear to store differently than deciduous 
oaks, but were sampled in low numbers (n = 24) and this hypothesis needs to be tested in 
other genera (e.g. Ilex). 
Conclusions 
 While there are differences in NSCs among different life history strategies, as 
describe by plant functional types, we do not see strong evidence that these are the 
dominant drivers of variability in tree NSCs. Rather, broad-scale phylogenetic 
differences, and individuals’ ability to access resources and sunlight as measured by 
DBH and canopy position, are stronger predictors of NSC concentrations. The substantial 
observed variability across taxa highlights the need for further sampling, especially of the 
few taxa that provide an opportunity to disentangle phylogeny from physiology due to 
their close taxonomic relationships, but distinct physical traits or phenological patterns. 
 The relative lack of support for conventional life history theory on storage 
patterns also requires that we examine our assumptions about the growth – storage 
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allocation strategies that underlie the terrestrial ecosystem models we use to make 
predictions about changes in forest composition and carbon storage. The high variability 
in observed NSCs shows the importance of collecting large enough sample sizes to detect 
effects. Previous studies examining the relationship between NSCs and demography have 
often sampled tens of individuals, but our work suggests that observational studies should 
be looking at hundreds, to thousands of individuals to detect robust effects. 
This is especially crucial, because we believe that understanding how our observations of 
NSCs relate to demography at regional and global scales will be key to using NSCs to 
make predictions about how forests will respond to future disturbances and global change 
stressors.
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CHAPTER TWO: PATTERNS AND DRIVERS OF ANNUAL TREE GROWTH 
IN EASTERN US FORESTS 
 
Introduction 
Tree growth is a key process in cycling carbon through forest ecosystems and the 
patterns and drivers of this process have been studied extensively for more than a century 
(Ainsworth & Long 2005; Bonan 2008; Eitzel et al. 2013; Thomas et al. 2010). 
Ecologists and others have identified: growth rate differences due to life history strategy 
(e.g. species differences) (Kobe et al. 1995; Huston & Smith 1987); impacts of 
competition for light and nutrients on individual and stand growth (Canham 1988; 
Canham 2004); growth responses to spatial variation in soils and microclimate (Orwig & 
Abrams 1997; Oberhuber & Kolfer 2000); and a multitude of responses to regional and 
global climate (Caspersen et al. 2000; Martin-Benito & Pederson 2015). These insights, 
and others, have greatly improved our understanding of how trees grow in response to 
their environment. Despite this, tree growth remains a significant source of uncertainty in 
projections of forest responses to current and future global change.  
Each of the aforementioned drivers of growth represents processes that operate at 
distinct spatial scales. Life history strategies and competition for light and nutrients are 
commonly hypothesized to drive growth trends at individual and stand-level scales (sub-
meter to approximately 50 hectares – the scales of many field ecologists and forest gap 
models (Bugmann 2001; Govindarajan et al. 2004). Landscape ecologists tend to focus 
on impacts of edaphic gradients (e.g. elevation, slope, aspect, soil characteristics, 
		
40 
hydrology) on growth at spatial scales of one to hundreds of kilometers. Additionally, 
they focus on disturbance and land-use legacies, however these aspects are not 
considered in this study. The impacts of climate (e.g. temperature and precipitation) are a 
major focus of the Dynamic Global Vegetation Modeling (DGVM), and remote sensing 
communities, and tend to be focused on forest pixel sizes of 0.25-2.5 degrees, with 
extents up to the globe.  
Considerable effort has focused on the aforementioned drivers of growth at each 
of these spatial scales and recent work has been done to begin disentangling effects at 
some of these scales (Babst et al. 2013; Sánches-Salguero et al. 2015). However, to-date 
there has not been a formal evaluation of which of these spatial scales best explains 
variability in tree growth, and therefore has the potential for the most “return on 
investment” with increased understanding. The goal of this chapter is to use individual 
level tree ring diameter increment data to answer the driving question: What spatial scale 
should we be focusing our research on if we want to understand tree growth (Individual, 
Microsite (Stand), Landscape, Region) within the context of factors controlling tree 
growth in eastern US forests? Specifically I will address the following questions and 
hypotheses: 
How does annual radial growth vary across spatial scales? What is the dominant scale of 
variability? 
- Previous studies have examined some aspects of the spatial scale question. 
Foster et al. (2016) studied 15 tree species Superior National Forest in 
Minnesota and asked whether tree size, age, competition, or climate response 
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were most important for predicting tree biomass growth. They found that 
responses to tree size and age (individual scale) were almost 100% larger than 
responses to annual climate (Regional scale). Sánches-Salguero (2015) also 
found that competition is also a stronger driver of growth than climate in 
Pinus sylvestris (Scots Pine) stands in Spain. However, each of these studies 
only sampled a subset of the climate variability experienced within their 
biomes, so they are likely underestimating the effects of weather on growth. 
Variability Hypothesis: The individual is the dominant scale of variability, 
followed by the regional scale. 
What are the dominant effects within the most important spatial scales? 
- At the regional scale, Martin-Benito and Pederson (2015) found strong 
correlations between both water availability and temperature in eastern US 
forests in the northern and southern ranges respectively. In the boreal forests 
of Manitoba, Canada Bond-Lamberty et al. (2014) found that a combination 
of precipitation and temperature were able to capture 23% – 43% of 
variability in tree ring measurements. Several other papers have also shown 
the importance of climate across the northern hemisphere (St. George & Ault 
2014) and Europe (Gazol et al. 2015). Using repeated measures of DBH for 
radial growth in forests of western Canada, Zhang et al. (2015) found that 
competition was a more dominant driver than climate.  It has also been shown 
that trees respond differently to climate depending on their age, which is 
correlated with size (Szeicz and MacDonald 1994).  
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Dominant Effects Hypothesis: At the regional scale climate will be the dominant 
driver, with temperature having a stronger positive effect on growth than 
precipitation. The individual scale will be driven by plant functional type and a 
positive relationship between tree size and annual growth rate. 
How do the dominant effects interact to amplify or dampen annual growth responses? 
- Leal et al. (2007) found that tree growth variability across the Austrian 
Eastern Alps is explained by altitude and species differences that moderate the 
effects of climate on tree growth. Foster et al. (2016) also found that within 
species responses to temperature and precipitation were highly variable. 
LeBlanc and Terrell (2011) found that Quercus rubra and alba (red and white 
oak) across eastern North America had similar growth-climate relationships, 
which suggesting that closely related species will have similar responses to 
climate. 
Interaction Hypothesis: The interactions between plant functional type and 
 temperature, as well as species and temperature will dampen the effects of 
 temperature on tree ring increment. 
Materials and Methods 
With these driving questions in mind we established a hierarchically nested 
network of inventory plots within the temperate forest biome of the Eastern United States 
and analyzed tree rings from cores collected at these plots to assess annual diameter 
growth (Figure 1.1a.). In an effort to draw robust conclusions about the impact of spatial 
scale and environmental drivers on tree growth we systematically sampled the entirety of 
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the Eastern US temperate forest biome, by selecting forests sites distributed across the 
climate space occupied by these forests (Figure 1.1b.). Data from the US Forest Service 
Forest Inventory and Analysis (FIA) is often used to understand growth (Caspersen et al. 
2000; Brown & Schroeder 1999; Thomas et al. 2010), because of its large sample size 
and excellent spatial coverage, but its 5-15 recensus interval lacks the temporal resolution 
needed to characterize inter-annual responses to climate variability. 
We established a hierarchically-nested network of forest plots at 10 sites across 
the eastern US (Figure 1.1, Table 1.1), with 8 plots distributed across the landscape at 
each site, and 4 subplots per plot sampling fine-scale variability. Within each subplot we 
measured annual growth in adult trees using increment cores and repeat measures of 
diameter at breast height (DBH). Using the annual growth record available from tree 
cores, we assess the extent that variability in annual growth is explained by each of four 
spatial scales: region (across-site), landscape (plots within site), microsite (subplots), and 
individual trees.  
Site Selection and Plot Establishment 
The same ten sites, and their associated plots and subplots, which were used for 
the nonstructural carbohydrate (NSC) analysis in chapter one, were used for the analysis 
of growth. The sites are well distributed across the available physical and climate space 
of eastern US forests (Figure. 1.1a, 1.1b, Table 1.1). 
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Sample Collection 
 Each plot was censused as describe in chapter one – Sample Collection.  In 
addition to using a standard 5.15 mm diameter increment borer (Haglof Inc., Madison, 
MS) to collect tree cores from trees > 15 cm for the quantification of NSCs, a second core 
was collected from each tree for the purposes of reconstructing annual radial growth 
increment. Cores used in this analysis were collected in the summers of 2011-2014, 
depending on the date of plot establishment and ability to census in a given year. Cores 
were collected approximately one meter above ground level, and a minimum of two 
inches above, or below, the position in which a core for NSC analysis was extracted. As 
with the collection of NSC cores, care was taken to avoid collecting cores near DBH in 
order to avoid damaging bark at that location and interfering with repeat measurements of 
DBH. Locations of visible damage to tree bark and wood were avoided when possible. 
Cores were collected with the intention of reaching pith when possible. The shorter of 
two cores was reserved for the NSC analysis and the longer core was used for radial 
growth analysis. All cores for growth analysis were stored in the same manner as NSC 
cores, with the exception that some cores were stored in a standard commercial 
refrigerator and freezer upon returning to the laboratory.  
Sample Preparation and Quantification 
Tree cores were glued to mounting blocks and left to dry at room temperature for 
48 – 72 hours. Cores were first sanded using a Hitachi® Belt Sander using belts of 180, 
220, 320, 400, and 600-grit, successively. Once belt sanding was completed, cores were 
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hand sanded with 600-grit sandpaper and finished using a 3000-grit, jewelry-grade 
polishing paper. Cores were stored at room temperature. 
Cores were scanned using Epson® Perfection V700 Photo Scanners and analyzed 
using the WinDENDRO® image analysis system (Regent Instruments Inc., Quebec City, 
Canada, software versions 2008 and 2012). Cores were scanned in 16-bit grayscale 
(unless color contrast was needed to define difficult to detect ring boundaries) at a 
minimum resolution of 2400 dpi. Annual ring boundaries were identified visually and 
ring widths were determined to the nearest micrometer. Gaps in cores were identified and 
deleted, and false rings were determined visually following commonly used guidelines in 
the dendrochronology community (Edmondson 2010). Raw ring widths were converted 
to Tucson format for data ingest and statistical analysis. 
Data Curation and Statistical Analyses 
All analyses were performed using annually based raw ring width measurements 
in millimeters. Fifty years of growth records, from 1961 to 2010, were utilized in this 
analysis. This amount of time was chosen to maximize the extent of the tree ring record 
observed, while minimizing the need to control for the effects of non-stationarity in forest 
composition, i.e. the “fading record” problem (Babst 2014). 2010 was chosen as the most 
recent year because the first growth cores were collected in the summer of 2011 before 
the conclusion of the growing season, making that year unusable for comparison with 
previous years. A total of 1626 individual trees were cored and had their growth 
quantified. 58 individuals were removed from analysis because they represented species 
with fewer than five individuals across the entire study site and thus had little statistical 
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power. An additional 9 individuals were removed following a quality control check that 
identified individuals with average growth rates above 15 millimeters per year. Outside 
of the check for abnormally large growth outliers, to-date only a small subset of all cores 
(100 individuals) analyzed has been cross-dated using COFECHA (Grissino-Mayer 
2001). While others have published analyses using undated tree ring chronologies from 
eastern US forests (Wyckoff and Clark 2002), it is expected that the relationships 
discussed within this chapter will only be strengthened when all cores are cross-dated 
(Black et al. 2016).  
The analysis of spatial scales was first performed using a mixed-effects 
generalized linear model (GLM), and relative importance of each scale was determined 
by the percentage of variance explained by the coefficient of each scale. To examine the 
effect of specific factors within each spatial scale (e.g. species) an analysis of variance 
(ANOVA) was performed. Tukey’s Honestly Significant Difference (HSD) was used 
post-hoc to determine statistically significant differences between group means for all 
ANOVA analyses. The examination of which variables dominate at spatial scales that 
most explain annual growth rates was done using GLMs. All analyses were performed 
using R version 3.2.1 (R Core Team, 2015). Non-base packages utilized include: dplR 
(Bunn 2008, Bunn 2010, Bunn et al. 2016), lme4 (Bates et al. 2015), ggplot2 (Wickham, 
2009), plyr (Wickham, 2011), multcompView (Graves et al. 2015), and MuMIn (Bartoń 
2016).   
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Results 
Variability Hypothesis 
 When 50-year average annual growth is examined, each spatial scale of interest 
explains almost equal amounts of the observed variability in growth (Table 2.1) with a 
total of 54.85% of variance explained (df = 282, f = 5.497, p < 0.001). The total variance 
explained by spatial scales alone is very similar when annual growth is considered 
(55.31%). However, the percentage of variance explained by each spatial scale, with the 
addition of the individual tree, is substantially different. The individual becomes the most 
influential scale, explaining 26.61% of the total variance, followed by Region, which 
explains 12.72%. Landscape and Microsite both explain approximately 8% of the total 
variance (Table 2.2). 
 
Table 2.1 Spatial coefficients for 50-year mean annual growth. 
 When considered in isolation the overall year effect only accounts for 3.3% of 
variance, with 1.3% explained by the fixed effect describing the overall declining growth 
increment trend (df = 73465, f = 20.65, p < 0.001) and 2% explained by the random 
effect describing the year-to-year variability in growth (Figure 2.1). From 1961 to 2010, 
the average annual growth decreased from 1.63 mm yr-1 (se = 0.028 mm yr-1) to 1.18 mm 
yr-1 (se = 0.039 mm yr-1). 
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Table 2.2. Spatial coefficients for 50 year annual growth increment. Effects are fit as random effects in a 
generalized linear model. 
 
 
Figure 2.1. Annual ring width increment (mm) over 50 years (1961 – 2010) shows a trend of decreasing ring 
increment over time. Each year is the mean and +/- two standard errors of all individuals. 
Dominant Effects Hypothesis 
 Individual variability explains the most variance in growth across the study 
region. The drivers that explain this variability are first described in isolation and then 
combined in a mixed effect GLM. Some of the individual effects are explored using 
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average annual growth, while others are using annual growth. The full model was 
developed for annual growth only.  
There was a significant positive relationship between tree size as measured by 
DBH and average annual growth rate (R2 = 0.11, df = 1, f = 189.2, p < 0.001) (Figure 
2.2). DBH was collected in all years 2011 – 2015. However, 2015 was used as it had the 
largest sample size of trees. 
 
 
Figure 2.2. Average ring width in millimeters as a function of tree size in diameter at breast height (DBH) in 
centimeters. N = 1542 trees, intercept = 0.80, slope = 0.02 mm/cm. linear regression line, with 95% confidence 
interval is significant.  
 Canopy position depends upon the composition of a given stand in addition to the 
size of an individual tree. There is a significant relationship between canopy position and 
average growth rate (R2 = 0.10, df = 2, f = 87.25, p < 0.001). Post-hoc Tukey’s HSD (p = 
0.05) shows that all canopy positions are significantly different from one another, with 
understory trees having the lowest growth rates (1.09 mm y-1, SE = 0.045 mm y-1), co-
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dominant trees are intermediate (1.42 mm y-1, SE = 0.050 mm y-1), and canopy dominant 
trees having the fastest annual growth rates (2.09 mm y-1, SE = 0.076 mm y-1) (Figure 
2.3). 
There is also a significant relationship between plant functional type (PFT) and 
average annual growth (R2 = 0.13, df = 4, f = 57.43, p < 0.001). Post-hoc Tukey’s HSD 
(p = .05) shows that Early-successional conifers have the fastest average annual growth 
rates (2.1 mm y-1, SE = 0.051 mm y-1), followed by: early- (1.49 mm y-1, SE = 0.070 mm 
y-1) and mid-successional (1.36 mm y-1, SE = 0.016 mm y-1) hardwoods, late-successional 
hardwoods (1.21 mm y-1, SE = 0.069 mm y-1), and late-successional conifers (1.17 mm y-
1, SE = 0.069 mm y-1) (Figure 2.4). 
 
Figure 2.3. Average annual growth across canopy status. Significant differences shown by post-hoc Tukey’s 
HSD (p = 0.05) groupings. Black dots represent means. Sample sizes for each canopy status shown.  
		
51 
There is a significant relationship between tree species and average annual growth 
(R2 = 0.34, df = 36, f = 22.19, p < 0.001). Figure 2.5 shows average growth by species 
organized with a phylogenetic tree based on NCBI taxonomy (Letunic and Bork 2016). In 
general, PFT and species map closely to one another. However, there are several 
instances in which species and PFT are capturing different growth responses. For 
example, Acer saccharum and rubrum are very closely related, but belong to different 
PFTs, and do not differ in average growth rate. There are also instances when species in 
the same PFT have significantly different growth rates (e.g. Quercus rubra and Quercus 
muehlenbergii) (Figure 2.5).  
 
Figure 2.4. Average annual growth as a function of plant functional type (PFT). Violin plots show significant 
relationship and post-hoc Tukey’s HSD (p = 0.05) shows significant differences between PFTs. Black dots 
represent PFT means. Number of trees in each PFT is shown. 
 Also closely associated to phylogeny, and PFT, is the trait of wood anatomy. 
There is a significant relationship between average annual growth and wood anatomy (R2 
= 0.14, df = 5, f = 50.13, p < 0.001). A Post-hoc Tukey’s HSD (p = 0.05) shows that all 
groups, except conifers without resin ducts and semi-ring porous hardwoods, are 
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significantly different from one another (Figure 2.6). Among the species observed, 
conifers without resin ducts include both early and late conifer species (Thuja 
occidentalis, Juniperus virginiana, Tsuga canadensis, and Abies balsamea), while ring-
porous hardwoods are mostly represented by the genera Quercus and Fraxinus – both of 
which are mid-successional hardwoods. To determine which of the three – species, PFT, 
or wood anatomy – are a stronger predictor of average annual growth, model selection 
with AIC was performed. Among the three, species was the best predictor  (AIC = 
3028.8), followed by wood anatomy (AIC = 3391.2) and PFT (AIC = 3407.7). 
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Figure 2.5. 50-year average annual growth across all species organized by phylogenetic relationship. Box and 
whisker plots, with outliers included are filled by plant functional type (PFT). Phylogenetic relationships of all 
species are shown with the underlying rooted phylogenetic tree based on NCBI taxonomy 
(http://phylot.biobyte.de/). The sample size of every species is displayed. 
When considering annual growth, the regional scale explains approximately half 
of the variance that the individual explains. However, for average growth the variability 
explained by the regional scale is larger (Table 2.1). In order to decompose the regional 
signal, the relationships between average growth and average annual temperature and 
precipitation (1961 – 2010) were explored. To start we examined the differences between 
sites with a Tukey’s HSD test and significant differences were observed between some, 
but not all sites (Figure 2.7). The 50-year average temperature has a significant 
relationship with growth and explains over half of the regional-scale variance (R2 = 0.09, 
df = 1, f = 145.8, p < 0.001). The 50-year average precipitation is also a significant 
predictor, however it explains less than one percent of the regional-scale variance (R2 = 
0.005, df = 1, f = 7.902, p = 0.005). Although temperature was a fairly strong predictor of 
average growth, the overall variance explained at the regional scale for annually resolved 
data was much less than the individual scale. Therefore, annually resolved climate data 
were not explored for this analysis. 
To account for all of the previously discussed effects simultaneously for the 
annual growth data we used a mixed effect GLM. The single strongest predictor within 
the individual scale is DBH (5.2%) followed by Species (4.21%) and Canopy Position 
(3.24%). PFT, however, only explains 0.53%. Overall, slightly less than half of the 
individual effect was explained (Table 2.2, 2.3). The regional effect is explained 
primarily by a combination of interaction terms – Species : Region (4.6%), PFT : Region  
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Figure 2.6. Average annual growth by wood anatomy. Significant differences between wood anatomy types are 
delineated by post-hoc Tukey’s HSD (p = 0.05) groupings. Sample size of every wood anatomy group is shown. 
 
 
Figure 2.7. Average growth across the study region by site. Sites are ordered from coldest to warmest by 50-year 
average temperature. Significant differences between sites are indicated with post-hoc Tukey’s HSD (p = 0.05) 
groupings. The sample size of every site is shown.  
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(3.92%), and Region : Year (1.6%). The Year fixed effect, which is accounting for the 
decreasing growth trend from 1961 – 2010, explains 7.79% of the variance. The year-to-
year variability in growth accounted for by the Year random effect does not explain any 
additional variance (Table 2.2, 2.3). An alternative model that does not account for the 
declining growth trend is qualitatively similar to the current model, except that the 
random effect year-to-year variability explains 1.6% of variance (Appendix 2, Figure 
A2.1). The interaction and year effects added to the full model explained a small amount 
of the landscape variability (2.23%) and accounting for additional variables unmasked 
some of the variance explained by the microsite spatial scale – increasing the variance 
explained by 1.53% (Table 2.2, 2.3). 
Interaction Hypothesis 
In the full model, species by region and PFT by region explained 4.60% and 
3.92% of the total variance respectively (Table 2.3). To better understand these 
interactions we use the mean growth and climate data to determine if PFTs and species 
vary in their responses to climate. The interactions between PFT and temperature (Figure 
2.8) and precipitation (Figure 2.9) were analyzed. The interactions with both temperature 
(R2 = 0.038, df = 4, f = 18.35, p < 0.001) and precipitation (R2 = 0.057, df = 4, f = 26.96, 
p < 0.001) were significant (Table 2.4, 2.5). Temperature slopes for all PFTs were 
significant (Table 2.6). Late Hardwood had a negative temperature response (β = -0.05 
mm °C-1, SE = 0.008, p < 0.001) and was the only PFT with a significantly different slope 
from the other PFTs. All other PFTs had the same positive temperature response (Table 
		
57 
2.6). Although the response is the same, late conifers are restricted to the colder sites in 
the temperature range.  
The relationships between PFT and precipitation were much weaker (Figure 2.9, 
Table 2.7). Only slopes for mid- and late hardwood and early conifer were significant. 
The explanatory power was also much lower for all PFTs except late hardwood and early 
conifer (Table 2.7). The precipitation response for late hardwood was very slightly 
negative (β = -4.37E-04 mm mm-1 yr-1, SE = 9.64E-05, p < 0.001) and very slightly 
positive for early conifer (β = 0.002 mm mm-1 yr-1, SE = 0.0002, p < 0.001) (Table 2.7).  
 
Table 2.3. Final Model coefficients of GLM including spatial hierarchy, covariates at multiple scales, and 
interaction terms for PFT by site, species by site, and site by year. Variance, proportion of variance explained, 
standard deviation and number of groups for each coefficient is included. Lmer equation: Increment ~ PFT + 
Wood Anatomy + Canopy Position + DBH + Year + (1 | Region : Year) + (1 | 
Region/Landscape/Microsite/Individual) + (1 | Species) + (1 | Species : Region) + (1 | PFT : Region) + (1 | Year). 
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Table 2.4. ANOVA of PFT and temperature interaction. 
 
Table 2.5. ANOVA of PFT and precipitation interaction. 
Figure 2.8. Annual growth as a function of 50-year average (1961 – 2010) temperature by Plant Functional Type 
(PFT). All PFTs slopes, except for early-conifers, are significantly different from zero. All are significantly 
different from one another. All relationships were determined with linear regressions 
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Table 2.6 Average growth responses to 50-year mean annual temperature (°C) by PFT. 
Figure 2.9. Annual growth as a function of 50-year average (1961 – 2010) precipitation by Plant Functional Type 
(PFT). Slopes for early-conifers, early-, and mid-hardwoods are significantly different from zero. All 
relationships were determined with linear regressions 
Table 2.7 Average growth responses to 50-year mean annual precipitation (mm yr-1) by PFT.
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Table 2.8. Species and temperature interaction. 
Table 2.9. Species and precipitation interaction. 
 The species climate response is of similar explanatory power to the PFT response, 
and both temperature (R2 = 0.033, df = 25, f = 3.16, p < 0.001) and precipitation (R2 = 
0.044, df = 25, f = 4.33, p < 0.001) are significant. However, the response is much 
stronger than temperature or precipitation alone (Table 2.8, 2.9). Responses of individual 
species were highly varied, and many were not statistically significant, most likely due to 
small sample sizes (Appendix 2, Figure A2.2, 2.3). Despite the lack of significance for 
some species, the interactions for species are stronger than the interactions for PFTs, as 
determined by AIC (Table 2.10) 
 
Figure 2.10 Model selection for PFT and Species climate responses 
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Discussion 
Variability Hypothesis: The individual is the dominant scale of variability, 
followed by the regional scale. 
 The Variability Hypothesis is supported by the data for annual tree ring 
increment, but not for average annual growth. For annual growth, the individual scale 
dominated, and the regional scale explained approximately half as much variance, while 
landscape and microsite explained approximately a third as much variance (Table 2.2). 
For average growth, each of the three applicable scales were approximately equal in the 
variance explained (Table 2.1). These results match nicely with Foster et al. (2016), but 
for a much larger spatial and taxonomic extent. They show that if we are interested in 
understanding annual growth, then characteristics such as tree size (DBH), canopy 
position, and species are important predictors. However, there was also a substantial 
amount of individual variability (14%) that was not captured by our analysis. Other 
individual characteristics like nitrogen availability (e.g. foliar nitrogen), or wood 
nonstructural carbohydrate reserves may be important predictors of individual annual 
growth. 
 The fact that the variability hypothesis was not supported by the 50-year annual 
average growth data suggests that over longer time scales forest processes at different 
spatial scales are interacting with one another and mediating the response of any single 
scale. The finding that fine and broad scale variables are equally important is supported 
by classic theories of forest climate responses, as well as successional theory. Trees in 
different microclimates (microsite scale) experience different conditions, as forests 
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undergo succession, tree growth rates change due to ontogenetic effects combined with 
changes in canopy position and access to light and nutrients (individual), and all of these 
effects are interacting with climate over several decades. These results suggest that the 
spatial scale of most importance is context dependent. 
 The observation that annual growth increment is decreasing across the study 
region (Figure 2.1) is surprising, especially when compared to remote sensing 
observations of the “greening” of eastern US forests during these same decades. One 
possible explanation is that the observation of decreasing growth is simply an artifact of 
trees accruing a relatively constant amount of biomass, and thus have a steady basal area 
increment, but that same amount of growth is encapsulated in a smaller ring increment as 
the tree gets larger (Biondi & Qeadan, 2008). Another possible explanation is that the 
forests of eastern US are maturing to a point where competition and self-thinning are 
beginning to cause a slow-down in growth rates, or perhaps we are simply observing 
ontogenetic slow-downs in growth consistent with succession and species turnover. 
However, there is little evidence in the literature to support this latter explanation. 
Dominant Effects Hypothesis: At the regional scale climate will be the dominant 
driver, with temperature having a stronger positive effect on growth than 
precipitation. The individual scale will be driven by plant functional type and a 
positive relationship between tree size and annual growth rate. 
 The regional scale hypothesis was supported by the data. The 50-year average 
annual temperature accounted for substantially more regional scale variance (over half) 
than precipitation. This was somewhat expected, as eastern US forests are relatively 
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mesic and therefore growth is less likely to be water limited than temperature limited. 
Since climate only accounted for 9% of total variance in average growth it was not a high 
priority for inclusion in the annual growth analysis, however, a natural addition to the 
current analysis will be to incorporate annual climate data. 
 By contrast, the individual scale hypothesis was not supported, as annual growth 
was not driven by PFT. DBH (5.2%), followed by species (4.21%), and canopy position 
(3.24%) were the dominant individual scale factors (Table 2.3). DBH was the most 
dominant individual scale factor explored, explaining 5.2% of total variance (Table 2.3). 
In isolation PFT was a fairly strong predictor of average growth (R2 = 0.13), as was wood 
anatomy (R2 = 0.14) (Figure 2.4). However, even in isolation, species was a much better 
predictor of growth (R2 = 0.34) (Figure 2.5). Changes in PFT and species composition 
across the study region did prove to be more important than the overall PFT or species 
effect (Table 2.3). In fact, much of the variance attributed to species or PFT was 
explained by other factors in the full model. Although not explicitly examined, it is likely 
that, in addition to across-site (Region) differences, differences in size and canopy status 
between species accounted for some of this variance. In addition to explaining some of 
the spatial variance, adding interaction terms and year added an additional 5.9% to the 
total variance explained (Table 2.3). Overall, it was most surprising that variability 
originally attributed to phylogenetic and PFT classifications can be mostly explained by a 
region-wide decline in growth, tree size, and canopy position, as across site variability in 
composition. 
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Interaction Hypothesis: The interactions between plant functional type and 
 temperature, as well as species and temperature will dampen the effects of 
 temperature on tree ring increment. 
 The Interaction Hypothesis is supported by the data. The interaction effect of PFT 
: Temperature was significant and explained approximately the same amount of variance 
as the overall temperature effect (Table 2.4) and the Species : Temperature effect was 
also significant and explained far more of the variance than temperature alone (Table 
2.8). The responses of all PFTs to temperature were positive and statistically the same, 
except for the late hardwood PFT, which was negative. This difference in effect direction 
is responsible for partially masking the overall temperature effect.  
When the species that make up the late hardwood PFT are examined, it appears 
that Acer saccharum and Fagus grandifolia are responsible for the negative response to 
temperature (Appendix 2, Figure A2.2). The other two species that comprise the late 
hardwood PFT are Oxydendrum arboretum and Nyssa sylvatica. These two species are 
smaller in sample size, are observed in a very limited temperature range, and have a 
positive temperature response (Appendix 2, Figure A2.2). That A. saccharum and F. 
grandifolia have a negative temperature response is slightly surprising. Bishop et al. 
(2015) noted growth decline of A. saccharum in the Adirondack Mountains (US) in the 
latter half of the 20th Century, but found an inconsistent and weak relationship between 
growth and climate. It is possible that recent warming in the last half century is partially 
to blame for a widespread decline in A. saccharum growth rates, but more work is needed 
to determine if this is the case. 
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Overall, the individual PFT : and species : precipitation relationships are weaker 
and explains less variance than temperature (Table 2.7). All PFTs except late hardwood 
and early conifer have non-significant precipitation relationships, or have R2 < 0.01. The 
positive early conifer response is partially due to a data point with high leverage, 
however, even excluding this point there is a positive response. In general, the early 
conifer individuals inhabit the driest sites in the study region (Figure 2.9) and thus are 
likely to benefit most from wetter conditions. The weak negative response of late 
hardwoods appears to be driven again by A. saccharum (Appendix 2, Figure A2.3) and  
may be capturing the same potential decline as the temperature relationship.  
Conclusions 
The spatial scales driving growth in eastern US forests depend on the nature of the 
question being asked. When looking at long-term average growth trends, it appears that 
microsite (stand), landscape and regional effects are mediating and all play an equal role 
in determining variability in growth across the region. However, if we are interested in 
understanding variability in annual growth, the individual scale dominates, followed by 
the region. More work needs to be done to appropriately characterize the interactions 
between individual and regional effects, particularly species-level climate responses, as 
several key species across the eastern US are potentially experiencing declines in growth. 
The positive effects of temperature and DBH discovered suggest that we should be 
looking more closely at trees at the extremes of the observed ranges for size and 
temperature in eastern US forests, as growth in these trees may be more sensitive to the 
factors we have explored.  
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CHAPTER THREE: USING NONSTRUCTURAL CARBOHYDRATES TO 
PREDICT TREE DEMOGRAPHY 
Introduction 
In chapter two we showed that tree growth is partially a function of ontogenetic 
effects (DBH), phylogeny (species), competition (Canopy Position), and climate. Others 
have also observed that tree growth is a function of life history strategy (Kobe et al. 1995, 
Huston & Smith 1987). As we mentioned in chapter one, there is a long history of 
research exploring the trade-offs between different plant life history strategies (Kobe et 
al. 1995, Pacala et al 1996, Tilman 1988, Grubb 2015). One example is the trade-off 
between growth and storage, which has been well documented for herbaceous plants, but 
not trees – due to a lack of data (Chapin et al. 1990). It is logical that this same trade-off 
could occur in trees, and it was proposed in chapter one that trees employing a 
conservative growth strategy (i.e. “shade-tolerant, late-successional” species) should be 
allocating a larger fraction of their assimilated carbon to storage than trees that employ an 
aggressive growth strategy (i.e. “shade-intolerant, early-successional” species). The 
argument being that these slow-growing and often long-lived trees are buffering against 
mortality by storing more carbon in a form that can be made accessible during some 
stressor event that prevents or decreases carbon assimilation; while fast-growing and 
short-lived trees are allocating more carbon to tissue growth in an effort to maximize 
access to an important resource: light. However, it was shown that life history strategy is 
not the dominant driver, rather phylogeny, DBH and canopy status are the dominant 
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drivers of tree NSCs (Table 1.9). Prior to this analysis there were no studies of NSCs 
performed with enough species or sites to provide a robust analysis of how NSCs vary 
across species and life history strategies (Dietze et al. 2014).  
How trees allocate stored NSCs to growth is an active area of debate (Dietze et al. 
2014), with some proposing that assimilated carbon is allocated to growth first, and that 
the carbon remaining after growth allocation is passively placed into storage, while others 
propose that carbon is first allocated to storage until it reaches capacity and the remainder 
is allocated to growth, while yet others have proposed a quasi-active allocation strategy in 
which growth is inhibited to allocate carbon to storage (Dietze et al. 2014, Sala et al. 
2012, Fisher et al. 2010). We will not be able to directly test these allocation strategies in 
this chapter, but we will be able to determine if our results are suggestive of a particular 
NSC-growth allocation scheme. 
In addition to improving our understanding of the relationship between growth 
and NSCs, there has been significant interest in improving our ability to predict tree 
mortality, particularly in response to observations of large-scale mortality events that 
represent substantial and abrupt changes to forest carbon cycles (Allen et al. 2010, Hicke 
et al. 2012). The factors controlling tree survival are arguably much more varied and 
difficult to observe than the factors controlling growth. Tree survival requires a tolerance 
to numerous and varied stresses and disturbances, including drought, flooding, pests and 
pathogens, and pollution to name a few. Trees must also balance competition for 
resources with tolerance for damage and disturbance, which causes them to invest large 
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amounts of carbon into support tissues, defense and storage (Dietze et al. 2014, 
Kozlowski 1992).  
Our current approaches to predicting mortality often correlate mortality with 
growth rate (Smith et al. 2001, Wyckoff and Clark 2000). This growth-mortality 
relationship is an attempt to account for system memory, since time lags in determining 
mortality risk have been observed (Bigler et al. 2007, Guarin and Taylor 2005). One 
example of this is the observation that inter-annual climatic variations can have little 
impact on mortality rates (Guarin and Taylor 2005), whereas the effects of long-term 
(continued or repeated) stresses, such as prolonged drought and heat stress, pest, 
pathogen, or pollution stress have caused rapid and massive die-off events (Bigler et al. 
2007, Guarin and Taylor 2005, McDowell et al. 2008, Allen et al. 2010, Carnicer et al. 
2011). The effects of stress and damage have also been shown to linger for years after a 
disturbance event, with mortality rates remaining elevated (Bigler et al. 2007, Galiano et 
al. 2011). Responses in growth, however, are rapid and have little memory as is 
evidenced by tree ring records of growth. For these reasons, using growth to determine 
mortality rates may be fundamentally biased; overestimating mortality responses to short-
term stress, or underestimating mortality responses to prolonged stress. In summary, 
growth does not capture the memory necessary to predict mortality. 
This has led to many studies on the underlying mechanisms of mortality, mostly 
focused on the hypotheses of carbon starvation and hydraulic failure as proximate causes 
of mortality (Adams et al. 2013; Anderegg et al. 2013; Brodribb and Cochard 2009; 
Canham et al. 1999; Galiano et al. 2011; Kobe & Coates 1997). Carbon starvation occurs 
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when some stressor (e.g. drought, low light availability) causes respiration to be greater 
than assimilation and trees begin to draw upon NSCs to maintain metabolic activity 
(Anderegg et al. 2012; Dietze et al. 2014; McDowell et al. 2008; Sala et al. 2012). There 
is reason to believe carbon starvation may be the dominant mortality mechanism across 
the relatively dense, mesic forests characteristic of the eastern temperate region, where 
the dominant processes shaping successional processes are self-thinning and survival at 
low light (Yoda et al. 1963; Kobe & Coates 1997). 
With the potential relationships between growth, mortality and NSCs in mind, we 
ask the following questions: 
Is there a relationship between NSCs and mortality? 
- Only two papers have addressed the relationship between carbon starvation 
and mortality in eastern US temperate tree species, one for saplings (Kobe & 
Coates 1997) and one for seedlings (Canham et al. 1999). These studies found 
that saplings with higher concentrations of NSCs were less likely to die, 
which is consistent with the carbon starvation hypothesis. Additionally, an 
experimental manipulation of NSC concentrations in seedlings of 10 tropical 
tree species in conjunction with a controlled drought showed that drought 
mortality was delayed in seedlings with higher NSC concentrations (O’Brien, 
Leuzinger, & Philipson, 2014). Although important, these studies only 
provide data for a small number of species, from few sites, and do not include 
any mature trees.  
Mortality Hypothesis: Stressed individuals will have lower NSCs than living 
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individuals. Dead individuals will have the lowest NSC concentrations. 
What is the relationship between growth and NSC? 
- There are competing hypotheses on the relationship between growth and 
NSCs. One hypothesis is that there is a positive relationship between growth 
and NSCs because more accessible carbon leads to higher growth rates 
(Dietze et al. 2014, Sala et al. 2012). Another hypothesis is that there is a 
negative relationship because of trade-offs between growth and storage where 
individuals that store more carbon grow less (Deitze et al. 2014, Sala et al. 
2012). 
NSC – Growth Hypothesis: There will be a positive relationship between growth 
and NSCs. 
Does the growth-NSC relationship depend on tree size? 
- In chapter one we showed that DBH was one of the strongest predictors of 
NSCs (Table 1.9) and the fifth strongest predictor of tree ring increment 
(Table 2.3). We predict that the slope of the growth-NSC relationship will 
depend on tree size. We have shown that larger trees have higher NSC 
concentrations and faster growth rates, but the relative rate of increment 
increase is faster than the rate of NSC increase per centimeter of DBH gained. 
DBH Hypothesis: The slope of the growth-NSC relationship will decrease with an 
increase in tree size. 
Does the growth-NSC relationship depend on canopy status? 
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- We showed that NSCs vary by canopy position, where understory individuals 
have depleted NSC concentrations and canopy dominant individuals have the 
highest concentrations (Figure 1.7). This was also one of the strongest 
relationships in the full model (Table 1.9). There was also a relationship 
between growth and canopy position, with understory individuals having 
lower growth rates than co-dominant individuals and dominant individuals 
had the fastest growth rates (Figure 2.3). However, the relationship was one of 
the weaker ones in the full model (Table 2.3). 
Canopy Position Hypothesis: The slope of the NSC relationship will increase as 
we move up through the canopy from understory to canopy dominant individuals. 
Do growth-NSC correlations vary by Plant Function Types? 
- The observed life history tradeoffs between growth and survival under low 
light conditions (Kobe et al. 1995, Kobe & Coates 1997) were the basis for 
our hypotheses about how NSCs would vary by PFT, and also how growth 
rate would vary by PFT. Neither of those hypotheses was fully supported by 
the data. However, we predict that the growth-NSC relationship will mirror 
that of the growth-survival relationship due to the proposed relationship 
between NSCs and mortality. 
PFT Hypothesis: The strength of growth-NSC correlations will depend most on 
PFT. Conservative, late successional, PFTs will have stronger positive 
correlations, while fast growing, early successional, PFTs will have weak 
positive, or no correlation between growth and NSCs. 
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Does the growth-NSC relationship differ across the study region? 
- Both NSCs (Figure 1.3, 1.4) and growth (Figure 2.7) varied by site across the 
study region. The site variability for NSCs and growth are not aligned, 
however, they are both influenced by temperature. As such, we expect that the 
growth-NSC relationship will differ by sites and become more positive with 
sites of increasing temperature. 
Site Hypothesis: The slope of the growth-NSC relationship will increase with 
warmer sites.  
Materials and Methods 
Data Collection 
Tree ring increment and total NSC data were collected as described in chapters 
one and two. The individual datasets with ring width measurements and NSC 
measurements were merged and due to missing cores in each data set there were a total of 
1283 individual trees in this analysis. 
Mortality 
The relationship between NSC and the mortality status of trees was tested using a 
linear model analyzing the differences in NSCs between alive, stressed and dead 
individuals. The mortality status of individuals was determined visually during field 
surveys (2011 – 2015). Trees were determined to be stressed if they experienced damage 
(fallen or broken limbs) or defoliation of over half of their canopy. If the canopy of a tree 
was not entirely visible, signs of damage to the bark of the trunk were used to aid in a 
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classification. Since trees were observed in the summer months, trees were determined to 
be dead if no live foliage could be observed, including stump sprouts for angiosperms. 
Mean Growth 
As previously described (Ch. 2), tree growth cores were collected between 2011 
and 2015, with the majority collected in 2011 and 2012, and tree cores used in the NSC 
analysis were collected in 2014. Under ideal conditions, the collection of tree cores for 
NSC analysis would predate the collection of cores for growth analysis since it is known 
that temperate trees, especially deciduous, rely on stored NSCs from previous years to 
fuel new radial growth (Carbone et al. 2013, Hartmann & Trumbore 2016, etc.). 
However, very few growth cores were collected in 2015, and those that were only contain 
a partial year’s worth of growth, so they were not practical to use for this analysis. 
Additionally, sample sizes for cores were much smaller until the 2011 collection year. 
Cores collected in that year contain a partial growth ring for 2011, so the growth record 
beginning in 2010 was used.  
Since it is possible for NSCs over a decade old to be utilized, and for the purposes 
of gaining a reliable average annual radial growth rate (as measured by mean ring width) 
for the trees analyzed, I used the period of 2001 to 2010 to construct a 10-year average 
growth window as the comparison to total NSC concentrations measured in 2014. Using 
these data I am comparing the relationships between tree total NSC concentrations and 
their average growth rates. Although the causal relationship of this analysis is difficult to 
interpret for reasons previously mentioned, it is clear that the co-dependent relationship 
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between average tree growth and NSC storage can still be analyzed using the data 
available. 
NSC – Growth Hypothesis Testing 
 The hypothesis testing done in this chapter was largely concerned with three 
different aspects of the relationship between tree total NSC concentrations and growth, as 
determined using linear models, and how that relationship is affected by additional 
covariates The first aspect was whether or not the intercepts for the groups within the 
chosen predictor variables (DBH, canopy position, PFT, species, Site) differed from one 
another. These NSC relationships should mirror those discovered in chapter one, as they 
are the direct effects of predictor variables already tested in that chapter. This serves as a 
litmus test of sorts for the assumption that the observed relationships between NSC and 
growth are not spurious. The second aspect was whether or not there was a significant 
relationship between NSC and growth, and how much of the variability in NSCs was 
explained by growth (R2). The third was whether or not that relationship varied as a 
function of other factors – i.e. whether the slopes between groups of predictor variables 
were different. This was determined by the use of interaction terms between growth and 
some other variable (e.g. DBH). 
 To test the DBH hypothesis, an overall model was first fit NSC ~ Growth + DBH 
+ Growth*DBH. After fitting this model, the NSC – Growth relationship for different 
DBH size classes was analyzed. For the purposes of visualizing slope differences, tree 
sizes were broken down into bins that represent small, medium, and large trees. Multiple 
bin sizes were analyzed before settling on sizes of < 20 cm for small, 20 – 30 cm for 
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medium, and > 30 cm for large trees. The results between this and similar bin sizes were 
qualitatively the same, and this distribution resulted in more equal sample sizes for each 
bin. 
 The canopy position and site hypotheses were analyzed in a very similar manner 
to the DBH hypothesis, although no additional binning of data were required, as the 
canopy positions and sites were already categorical variables. 
 To test if the NSC – Growth (G) relationship varied by plant functional type 
multiple factors were considered. First, following tests of the DBH and Canopy Position 
Hypotheses, it was shown that interpreting differences between plant functional types 
required controlling for DBH and Canopy Position. Additionally, the Plant Functional 
Types used (Dietze & Moorcroft 2011) are defined by a combination of “wood group” 
(W), which is whether or not a tree is a hardwood or conifer, and the successional status 
(S) – early, middle, or late, which is based on shade tolerance. Thus, the “full model” to 
analyze the potential differences in the NSC – growth relationship between PFTs was 
such: 
NSC ~ G + W + S + W*S + G*W + G*S + G*W*S  
 
            Intercept            Slope        Interaction 
The first term is the slope for the overall relationship between growth and NSCs. The 
next three terms test for the effects of PFT on the NSC – growth intercept in terms of the 
effects of wood group, successional status and the combined effects of wood group and 
successional status on total NSCs. The next two interaction terms test whether the slope 
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of the relationship between NSC and growth varies by wood group or successional status. 
The final term, which is a three-way interaction term, tests whether or not the effects of 
wood group and successional status on the slope of the NSC – growth relationship is 
additive, or whether the effects of successional status are different between hardwoods 
and conifers.  
Because previous analyses in chapter one and two showed that there was 
considerable within-PFT variability in NSC and growth, respectively, the full model was 
followed by an analysis of the NSC – growth relationships for individual species. A 
power analysis was performed to determine whether non-significant species relationships 
were due to small sample size, and thus not ecologically relevant results, or whether there 
was enough power to determine that a lack of relationship between NSC and growth for a 
species was ecologically relevant (Appendix 3, Figure A3.2). Species for which 
significant relationships were observed, or which had sufficient power, are shown in the 
main text, and all relationships are in Appendix 3. In accordance with Cohen (1988) the 
sample size needed to detect an R2 = 0.1, with power = 0.9, at α = 0.05 was calculated. R2 
= 0.1 was chosen to signify a small, but ecologically significant, relationship between 
NSC and mean growth. The threshold to meet these criteria was determined to be n = 97. 
Results 
Mortality Hypothesis 
 There is a significant relationship between total NSC concentrations and tree 
mortality status (R2 = 0.08, f = 88.98, df = 2, p < 0.001). All mortality status groups 
(alive, stressed, and dead) were significantly different from one another, as determined by 
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a post-hoc Tukey’s HSD (p = 0.05). Stressed trees had significantly lower NSC 
concentrations (49.74 mg g-1, SE = 2.28, p < 0.001, n = 1834) than alive trees (60.16 mg 
g-1, SE = 0.66, p < 0.001, n = 171), and dead trees had the lowest NSC concentrations 
(18.62 mg g-1, SE = 3.25, p < 0.001, n = 77) (Figure 3.2). In 2014, a total of 3.7% of the 
trees observed were dead. This 3.7% of trees is distributed across 32 different species 
(Figure 3.1), with only one or two mortality observations for 23 of the 32 species. 
 
NSC – Growth Hypothesis 
 Across all individuals, there is a very weak, but positive relationship between total 
NSC and growth (R2 = 0.02, β = 4.53 mg g-1 per mm yr-1, f = 28.35, df = 1260, p < 
0.001). 
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Figure 3.1 Mortality counts by species 
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Figure 3.2. Total NSC as a function of mortality status. Groups determined by post-hoc Tukey’s HSD (p = 0.05). 
Sample sizes shown for each mortality status. Group means denoted by black dots. 
DBH Hypothesis 
The effect of mean growth rate on total NSC (slope) was not significantly 
different for small, medium, or large DBH trees (R2 = 0.001, df = 1, f =1.16 p = 0.28) 
(Figure 3.3, Table 3.1). This means that larger trees have larger total NSC concentrations, 
which is consistent with the results in chapter one, but the relationship between growth 
and NSC does not differ by size. The full model was significant (R2 = 0.06, f = 27.84, df 
= 1257, p < 0.001), with the positive relationship between tree size (DBH) and total NSC 
concentration observed (Figure 3.3).  
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Table 3.1 DBH model. Growth and DBH terms are significant, but growth by DBH interaction is not. 
 
Figure 3.3. Total NSC and 2001 – 2010 mean ring width by size (DBH) class. There is a significant difference in 
the intercepts between size classes, but no significant differences in slope (overall mean slope used in figure). The 
sample sizes for large, medium and small DBHs are 442, 515, and 323 respectively. Linear model: NSC ~ Mean 
Growth + DBH + Mean Growth * DBH. 
Canopy Position Hypothesis 
 The overall model for canopy position is significant (R2 = 0.06, f = 16.75, df = 
1256, p = < 0.001) (Table 3.2). The slopes for understory (β = 0.87 mg g-1 per mm yr-1, 
SE = 3.25, p = 0.79) and canopy dominant (β = -1.094 mg g-1 per mm yr-1, SE = 2.075, p 
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= 0.60) individuals were non significant. However, there was a weak, but significant, and 
positive relationship between growth and NSCs for co-dominant individuals (β = 4.98 mg 
g-1 per mm yr-1, SE = 1.04, p < 0.001) (Figure 3.4). This means that the relationship 
between NSC and growth does vary by canopy position. Sample sizes for each canopy 
position are large enough to meet our criteria for ecological significance. Intercept 
differences are significant and consistent with NSC results from chapter one (Figure 3.4). 
 
Table 3.2. Canopy position model. All terms are significant. 
 
Figure 3.4. Total NSC and mean ring width by canopy status. The sample sizes understory, co-dominant, and 
dominant are 121, 983, and 121 respectively. Linear model: NSC ~ Mean Growth + Canopy Position + Mean 
Growth * Canopy Position 
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PFT Hypothesis 
 To test the PFT hypothesis both DBH and canopy position were controlled for. 
Early successional and hardwood groups were used as reference for succession and wood 
group coefficients. The full model was significant and explained almost half of the total 
variance (R2 = 0.47, F = 102.7, DF = 11 & 1249, p < 0.001) (Figure 3.5, Table 3.3). 
Intercept terms were consistent with chapter one results (Table 3.3). The first slope 
interaction term (Growth : Wood Group) was not significant (df = 1, f = 0.31, p = 0.58) 
(Table 3.3). This means that the slope of the growth – NSC relationship does not vary 
between hardwoods and conifers. The second slope interaction term (Growth : 
Succession) was significant (df = 2, f = 3.78, p = 0.02) (Table 3.3).  This means that the 
slope varies by successional class. However, early successional (β = 2.54 mg g-1 per mm 
yr-1, SE = 0.75, p < 0.001) is not different from late successional (β = 4.61 mg g-1 per mm 
yr-1, SE = 1.70, p = 0.007) and only mid successional (i.e. mid-successional hardwoods) 
has a larger slope (β = 7.13 mg g-1 per mm yr-1, SE = 1.28, p < 0.001) (Figure 3.5). The 
three-way interaction term between mean growth, wood group, and successional status 
was not significant. This means that the effect of PFT on the slope of the NSC – growth 
relationship did not differ from the additive effects of wood group (conifer versus 
hardwood) and successional status (early, middle, late) (Table 3.3). Again, the sample 
sizes were large enough to meet our criteria for ecologically relevant results. 
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Figure 3.5 Total NSC and mean ring width by Plant Functional Type. Only the mid-hardwood slope differs from 
other PFTs. All intercepts are significantly different. The * in mid-hardwoods denotes a point of mean growth 
rate 8.45, which was excluded from the plot, but not from the analysis for visualization purposes. 
 
Table 3.3. Coefficients for full PFT model controlling for DBH and Canopy Position. Coefficients are in the 
order specified in the model. Significant coefficients (α = 0.05) are denoted with an asterisk. 
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 Given the weakness of the PFT analysis, and the inability of the PFT groupings in 
chapters one and two to explain across-species variability within PFTs, NSC – growth 
relationships by species were examined. The full model for the species analysis is 
significant (R2 = 0.64, F = 29.74, DF = 71 & 1190, p < 2.2e-16) (Table 3.4). Species with 
significant relationships between NSC and growth are reported, from largest to smallest 
slope, here (Figure 3.6, Table 3.5). There is substantial variability in the strength (R2 = 
0.03 – 0.61) and the slopes (β = -9.16 – 20.56) of the relationships. The strongest NSC – 
growth relationship was with Thuja occidentalis (Northern White Cedar) (R2 = 0.61, β = 
20.56 mg g-1 per mm yr-1, SE = 3.96), which is tied with Quercus alba (White Oak) for 
the largest slope (R2 = 0.11, β = 17.12 mg g-1 per mm yr-1, SE = 5.37) (Table 3.5). Only 
Fagus grandifolia (American Beech) and Fraxinus americana (White Ash) had negative 
slopes. All other species were positive. 
 Acer saccharum (Sugar Maple) is the only species with a non-significant 
relationship with a high enough power to be ecologically meaningful (Figure 3.6, Table 
3.5). There were many species that did not have a significant relationship between NSC 
and growth due to low power, and therefore the results were not ecologically meaningful. 
All species, including the non-significant and low power species, are reported in 
Appendix 3 (Figure A3.1). 
 
Table 3.4. Species model ANOVA table 
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Table 3.5. R2 and slope by species. Acer saccharum was not significant, but had enough power to be an 
ecologically meaningful result. 
Site Hypothesis 
 The full site model was significant (R2 = 0.22, F = 23.06, DF = 15 & 1244, p < 
2.2e-16) (Table 3.6).  Sites were ordered from lowest to highest mean annual 
temperature, with Smithsonian Conservation Biology Institute, VA (S, n = 72) serving as 
the reference group. The intercepts of the NSC – growth relationships were significantly 
larger than S for four sites: Harvard Forest (H, β = 8.56, SE = 2.26, p < 0.001, n = 261), 
Baskett (M, β = 9.39, SE = 3.28, p = 0.005, n = 153), Vermillion (V, β = 12.35, SE = 
4.54, p = 0.008, n = 80), and UNDERC (W, β = 4.01, SE = 1.45, p = 0.006, n = 257) 
(Table 3.7, Figure 3.7).  
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Figure 3.6. Total NSC and mean ring width by species with significant positive or negative slopes. 
 
Table 3.6. Site model ANOVA table. 
		
87 
 
Table 3.7. Site differences in the growth-NSC relationship. 
 
Figure 3.7. Total NSC as a function of mean ring width by site. Relationships are significantly different from the 
reference site (S) for sites H, M, V, and W. 
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Discussion 
Mortality Hypothesis: Stressed individuals will have lower NSCs than living 
individuals. Dead individuals will have the lowest NSC concentrations. 
 The Mortality Hypothesis is supported by the observed data. Dead individuals 
show the most depleted NSC reserves and visibly stressed individuals have depleted 
reserves compared to healthy individuals (Figure 3.2). Among observed individuals 3.7% 
died between 2011 and 2014, resulting in a mortality rate of 0.925% yr-1. This mortality 
rate is consistent with the eastern US mortality analysis in Dietze and Moorcroft (2011) 
and recent observations from the CTFS-ForestGEO large dynamics plot at the 
Smithsonian Conservation Biology Institute (SCBI), which was also one of our study 
sites (Gonzalez-Akre et al. 2016). We observed mortality in 32 species, however 
mortality was particularly high among Pinus strobus and Quercus alba. Both species are 
the victims of fungal pathogens – the well studied and now mostly endemic white pine 
blister rust (Cronartium ribicola) and the recently emerging sudden white oak decline 
(Phytophthora cinnamomi identified as potential contributing factor in combination with 
other environmental conditions) (Kinloch 2003, McConnell & Balci 2014). 
DBH Hypothesis: The slope of the growth-NSC relationship will decrease with an 
increase in tree size. 
 The DBH Hypothesis is not supported by the observed data. There was no 
difference in the slope of the growth-NSC relationship with different tree sizes (Table 
3.1, Figure 3.3). This suggests that for trees > 15 cm there are no ontogenetic changes in 
how trees allocate to growth or storage. It is still possible that smaller, and younger, trees 
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have different allocation strategies and that there is variability in the growth-NSC 
relationship among understory trees (DBH 5-15 cm) and saplings (< 5 cm). This is a 
potential avenue of future research, as we have collected growth and NSC samples for 
these size classes. 
Canopy Position Hypothesis: The slope of the NSC relationship will increase as 
 we move up through the canopy from understory to canopy dominant individuals. 
The Canopy Position Hypothesis is not supported by the observed data. The only 
significant positive slope was for canopy co-dominant individuals (Table 3.2, Figure 3.4). 
Overall, canopy position explained little variance in the growth-NSC relationship, both in 
the canopy position model and the PFT model. It is possible that the non-significant slope 
for understory and canopy dominant individuals is simply indicative of allocation to 
growth over storage. Understory trees may be allocating to growth in order to reach the 
canopy and gain access to more light. Canopy dominant trees may be allocating to 
growth because they have reached their storage capacity and require little additional 
storage. However, addressing these hypotheses would likely require a manipulative 
experiment similar to O’Brien et al. (2014) in which light levels of understory and 
canopy dominant individuals are modified, or a more careful control of stands chosen for 
observation. 
PFT Hypothesis: The strength of growth-NSC correlations will depend most on 
 PFT. Conservative, late successional, PFTs will have stronger positive 
 correlations, while fast growing, early successional, PFTs will have weak 
 positive, or no correlation between growth and NSCs. 
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The PFT Hypothesis is not supported by the observed data. The only difference in 
the growth-NSC relationship was the mid-successional hardwoods had a greater slope 
than all other PFTs (Table 3.3, Figure 3.5). Early and late successional PFTs had the 
same slopes. However, early successional species did have no correlation, as 
hypothesized. The inability of PFTs to capture variability in the growth-NSC relationship 
spurred the species analysis. Although the overall effect is still relatively weak, the 
variability of the growth-NSC relationship by species is stronger than the overall growth-
NSC relationship (Table 3.4).  
For the 11 species with sufficient statistical power, there is substantial variability 
in the slope of the growth-NSC relationship. Looking across these species, one 
(imperfect) pattern is present. Several of the species with the smallest growth-NSC slopes 
are known to be currently subject to attack by either pest or pathogen. The three smallest 
slopes are Tsuga canadensis (Eastern Hemlock), Fraxinus americana (White Ash), and 
Fagus grandifolia (American Beech). These species are under attack by hemlock wooly 
adelgid (HWA), emerald ash borer (EAB), and beech bark disease (BBD), respectively. 
The presence of HWA and BBD has been confirmed in our study plots, but we have not 
confirmed that EAB is present – although it is present in the surrounding areas. 
All three diseases are at least partially the result of sap sucking or bark-boring 
insects (BBD involves a subsequent fungal infection following insect damage). Pinus 
strobus (White Pine) and Quercus alba (White Oak) are also currently under attack, but 
by fungal pathogens alone, not insects. These two species have more positive growth-
NSC relationships than the species attacked by insects. This suggests that these insect-
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based diseases, which are mostly phloem feeding, may be depleting NSC reserves more 
than the solely fungal-based, dampening the growth-NSC relationship. This is 
qualitatively similar to the theory developed by Dietze and Matthes (2014). Comparing 
the growth-NSC relationships of healthy and diseased individuals of each species could 
test this hypothesis.  
Site Hypothesis: The slope of the growth-NSC relationship will increase with 
warmer sites.  
The Site Hypothesis is not supported by the observed data. The growth-NSC 
relationship does vary by site, but does not vary consistently with increasing temperature, 
let alone increase with warmer sites. The three sites with the most explanatory power 
(Vermilion Observatory, Baskett Study Area, and Harvard Forest) have high proportions 
of Oak trees, which have a more positive growth-NSC relationship and that is reflected in 
their site-level responses (Table 3.6). Species composition could be corrected for in 
subsequent analyses, but the explanatory power of the site effect is so low that it is of low 
priority.  
Conclusions 
 The relationship between tree NSCs and mortality status is a significant 
contribution to the debate over proximate causes of tree mortality. These results suggest 
that at least some trees in eastern US forests are dying from carbon starvation and that 
more large-scale studies of carbon starvation and mortality are required. The most 
compelling result from the growth-NSC analysis is the variability in the relationship by 
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species, and potential modification of that relationship due to pests and pathogens. More 
work must be done to discern how much of an effect these attacks have on the storage 
allocation strategies of trees, and whether these varied species responses inform our 
understanding of the active-passive nature of NSC allocation. 
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DISCUSSION 
In this dissertation we have examined the patterns and drivers of tree NSCs and 
radial growth, and the relationships between NSCs and mortality and growth. In chapter 
one, we found that there is less support for conventional life history-based theories on 
NSC storage patterns, but rather broad-scale phylogenetic differences and the ability for 
individuals to compete for resources (as measured by DBH and canopy position) were 
stronger predictors of NSC storage patterns. We also discovered the difficulty in 
disentangling physiology and phylogeny, highlighting the importance of continuing to 
sample many and varied tree populations in an effort to better understand NSC patterns. 
In chapter two, we discovered that patterns in tree radial growth across the eastern 
US are shaped by different processes at annual and decadal timescales. Over the 50 years 
of growth examined, fine- and broad-scale processes have mediating effects on one 
another, such that microsite (forest stand), landscape and regional effects are equal 
drivers of growth variability. When annual growth is examined, however, we find that the 
individual tree is the single most important driver, followed by the regional scale. 
Unexpectedly, we also detected an overall decline in annual growth increment across the 
eastern US from 1961 – 2010, which is currently unexplained. 
In the final chapter, we observed a significant relationship between NSCs and 
mortality that suggests some trees in eastern US forests are likely dying from carbon 
starvation. This finding requires that more large-scale studies of carbon starvation and 
mortality be conducted. We also discovered a highly variable growth-NSC relationship 
by species. Additionally, there were growth-NSC patterns among these species that 
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suggest pests and pathogens may play a role in altering the growth-storage dynamics of 
individuals under attack. More work must be done to determine how much of an impact 
infection by pests and pathogens has on storage versus growth allocation dynamics in 
trees. 
Overall, the results of my dissertation require future research that is directly 
related to improving our ability to predict how forests will respond to future global 
change. To reconcile the approaches taken by ecophysiologists and community 
ecologists, and build upon our new understanding of the relationships between NSC 
storage and demography, we will us our data on NSCs, growth, and mortality to inform 
and modify a terrestrial biosphere model that couples ecophysiological, biogeochemical, 
and biophysical processes with the dynamics of forest landscape and gap models. The 
Ecosystem Demography v2.2 (ED2) model (Medvigy et al. 2009, Moorcroft et al. 2001) 
already contains an explicit representation of carbon storage pools and demography, so it 
is a natural choice for extending our analysis to process-based models of forest dynamics. 
The first and most natural extension of our work is to determine whether the 
current model of tree carbon allocation in ED2 is able to explain our observations of 
NSCs. Multiple hypotheses about the size and allocation of NSCs have been proposed by 
the community, however, until now there has not been data available at the spatial and 
taxonomic scales needed to vigorously test these hypotheses. To determine which 
hypothesis of allocation to storage best matches observed NSCs we will implement 
variants of the carbon allocation submodel in ED2 that correspond to the hypotheses that 
		
95 
allocation to storage is either passive, quasi-active, or active. The following submodels 
will be considered: 
1) ED2 default: passive allocation of surplus carbon to a single carbon storage 
pool after growth and respiration demand for leaves, roots and sapwood are met. 
Depletion of storage is based on demand and can be up to 100% (Medvigy et al. 2009; 
Moorcroft et al. 2001). 
2) ED2 + buffer: passive allocation identical to ED2 default except that a reserve 
“buffer” will be maintained during allocation to growth and reproduction. There is strong 
evidence that trees do not allocate all stored carbon to growth and reproduction at the 
beginning of the growing season (Dietze et al. 2014; Richardson et al. 2013; Sala et al. 
2012). 
3) Active allometry: active allocation where the maximum storage pool size 
scales with plant size and storage is actively prioritized in allocation until the pool is full 
(Fisher et al. 2010). 
4) Quasi-store: quasi-active allocation in which storage occurs due to the active 
down-regulation of growth. This model is based on observations that some carbon-
starved plants temporarily suppress growth and allocate carbon to storage (Dietze et al. 
2014). 
 After an appropriate sub-model is selected, ED2 will be calibrated for each of the 
study sites using the Bayesian data-assimilation framework developed in PEcAn 
(LeBauer et al. 2013), to ensure that the model produces both realistic NSC, ecosystem, 
and community dynamics. Once the model is calibrated, we will be able to address the 
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next logical follow up from our current results: estimating the relationships between NSC 
and tree mortality across the entire eastern US. Since background mortality rates are low 
(we observed a mortality rate of 0.925% year-1 across our study region) we will utilize the 
NSC calibrated version of ED2 and mortality data from the US Forest Service Forest 
Inventory and Analysis (FIA) program to fit demographic relationships between modeled 
NSCs in ED2 and observed mortality in the FIA. The FIA provides a much larger dataset 
of mortality and has been used previously to determine the impact of numerous 
environmental covariates (Dietze & Moorcroft, 2011) on mortality. ED2 currently uses 
carbon reserves to determine the probability of mortality, with the probability of 
mortality decreasing exponentially as carbohydrate reserves increase. However, as with 
carbon allocation, this relationship has not been validated against observational data for 
NSCs because, until now, the data have not been available at the taxonomic and spatial 
scales required.  
It is expected that the current ED2 carbohydrate-mortality relationship will not be 
sufficient to model observed mortality rates. Model comparison will be done between the 
current mortality model and the new model by evaluating the ability of each to capture 
previously observed mortality trends, as well as: net primary productivity (NPP), above 
ground biomass (AGB), and community composition over all 10 sites. This will be done 
in order to ensure that ED2 is producing realistic ecosystem dynamics in addition to 
mortality estimates. This is important because a model that gets the correct mortality 
estimates but produces unrealistic ecosystem dynamics is of limited value for making 
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projections under global change scenarios and is also likely getting the right answer for 
the wrong reasons. 
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APPENDIX 1 
 
 
 
 
 
 
Figure A1.1 Sucrose (top), total sugar (middle), and starch (bottom) concentrations for individuals across all 
sites. Tukey’s HSD groupings denote significant differences between sites for each NSC component. All 
components show qualitatively similar results to total NSC concentrations. 
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Figure A1.2 NSC components by wood anatomy classification. Tukey’s HSD groupings denote significant 
differences between wood anatomy types. All components shown have qualitatively similar results to total NSC 
concentrations. Y-axes are different to highlight differences within, not across, NSC components. 
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Figure A1.3 NSC components by Plant Functional Type (PFT). Tukey’s HSD groupings denote significant 
differences between PFTs. All components have qualitatively similar results to total NSC concentrations, but 
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with fewer significant differences between PFTs. Y-axes are different to highlight differences within, not across, 
NSC components. 
The total variability in the species analysis for total NSC as measured by the total sum of 
squares is 1,424,679. Followed by starch at 746,167.8, sugar at 249,711.1, sucrose at 
152,575.4, glucose at 41,532.98, and fructose at 29,833.77. 
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Figure A1.4 NSC components by tree species. Colors represent wood anatomy of each species. The species order 
is the same as figure 1.10, following the phylogenetic tree developed from NCBI taxonomy. 
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APPENDIX 2 
 
Figure A2.1 Final Model coefficients of GLM including spatial hierarchy, covariates at multiple scales, and 
interaction terms for PFT by site, species by site, and site by year. Variance, proportion of variance explained, 
standard deviation and number of groups for each coefficient is included. Lmer equation: Increment ~ PFT + 
Wood Anatomy + Canopy Position + DBH + (1 | Region : Year) + (1 | Region/Landscape/Microsite/Individual) + 
(1 | Species) + (1 | Species : Region) + (1 | PFT : Region) + (1 | Year). This model only accounts for year as a 
random effect. 
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Figure A2.2. 50-Year mean annual ring width (1961 – 2010) by species and mean annual temperature in degrees 
Celsius. 
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Figure A2.3. 50-Year mean annual ring width (1961 – 2010) by species and mean annual precipitation in 
millimeters.  
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APPENDIX 3 
 The post-hoc power analysis to determine whether non-significant slopes were a 
result of ecologically meaningful relationships, or because of low power was done using 
the R package pwr (Champley 2016). In accordance with Cohen (1988) the sample size 
needed to detect an R2 = 0.1, with power = 0.9, at α = 0.05 was calculated. R2 = 0.1 was 
chosen to signify a small, but ecologically significant, relationship between NSC and 
mean growth. The threshold to meet these criteria was determined to be n = 97. Acer 
saccharum had a sample size of 106, so it was determined that there was a high 
likelihood that the lack of significant relationship between NSC and growth was 
ecologically meaningful. All other non-significant species had sample sizes below the 
power threshold. The lack of significant relationship for these species could be because of 
low power, and therefore is not ecologically meaningful. 
		
107 
 
Figure A3.1. NSC as a function of growth for all species. Significant and non-significant relationships are shown. 
Significant relationships shown in Figure 20. 
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Figure A3.2. Power as a function of sample size. Intersection is threshold for detecting a R2 = 0.1, with power = 
0.9 and α = 0.05. Sample size at threshold = 97. 
 
		
109 
BIBLIOGRAPHY 
Adams HD, MJ Germino, DD Brashears, GA Barron-Gafford, M Guardioloa-
Claramonte, CB Zou, and TE Huxman. 2013. Nonstructural leaf carbohydrate dynamics 
of Pinus edulis during drought-induced tree mortality reveal role for carbon metabolism 
in mortality mechanism. New Phytologist. 197:1142-1151. 
 
Ainsworth, E., & Long, S. (2005). What have we learned from 15 years of free-air CO2 
enrichment (FACE)? A meta-analytic review of the responses of photosynthesis, canopy 
properties and plant production to rising CO2. New Phytologist, 165(2), 351- 371. doi: 
10.1111/j.1469-8137.2004.01224.x/full 
 
Allen, C.D., A.K. Macalady, H. Chenchouni, D. Bachelet, N. McDowell, M. Vennetier, 
T. Kitzberger, A. Rigling, D.D. Breshears, E. Hogg.  2010.  A global overview of drought 
and heat-induced tree mortality reveals emerging climate change risks for forests. Forest 
Ecology and Management doi: 10.1016/j.foreco.2009.09.001 
 
Anderegg, William R. L., Joseph A. Berry, Duncan D. Smith, John S. Sperry, Leander D. 
L. Anderegg, and Christopher B. Field. 2012 The roles of hydraulic and carbon stress in a 
widespread climate-induced forest die-off. Proceedings of the National Academy of 
Sciences U S A 109 (1), 233-237. doi:10.1073/pnas.1107891109 
 
Anderegg WRL, L Plavcova, LDL Anderegg, UG hacke, JA Berry and CB Field. 2013. 
Drought’s legacy: multiyear hydraulic deterioration underlies widespread aspen forest 
die-off and portends increased future risk. 2013. Global Change Biology 19: 1188-1196. 
 
Auguie B (2016). gridExtra: Miscellaneous Functions for "Grid" Graphics. R package 
version 2.2.1. http://CRAN.R-project.org/package=gridExtra 
 
Babst, F., Poulter, B., Trouet, V., Tan, K., Neuwirth, B., Wilson, R., Carrer, M., Grabner, 
M., Tegel, W., Levanic, T. and Panayotov, M., 2013. Site‐and species‐specific responses 
of forest growth to climate across the European continent. Global Ecology and 
Biogeography, 22(6): 706-717. doi: 10.1111/geb.12023 
 
Babst, F., Alexander, M.R., Szejner, P., Bouriaud, O., Klesse, S., Roden, J., Ciais, P., 
Poulter, B., Frank, D., Moore, D.J. and Trouet, V., 2014. A tree-ring perspective on the 
terrestrial carbon cycle. Oecologia, 176(2): 307-322. doi: 10.1007/s00442-014-3031-6 
 
Kamil Bartoń (2016). MuMIn: Multi-Model Inference. R package version 1.15.6. 
http://CRAN.R-project.org/package=MuMIn 
 
Bates, Douglas, Martin Maechler, Ben Bolker, Steve Walker (2015). Fitting Linear 
Mixed-Effects Models Using lme4. Journal of Statistical Software, 67(1), 1-48. 
doi:10.18637/jss.v067.i01. 
		
110 
 
Bigler, C., Gavin, D. G., Gunning, C. and Veblen, T. T. (2007), Drought induces lagged 
tree mortality in a subalpine forest in the Rocky Mountains. Oikos, 116: 1983–1994. 
doi:10.1111/j.2007.0030-1299.16034.x 
Black, B. A., Griffin, D., van der Sleen, P., Wanamaker, A. D., Speer, J. H., Frank, D. C., 
Stahle, D. W., Pederson, N., Copenheaver, C. A., Trouet, V., Griffin, S. and Gillanders, 
B. M. (2016), The value of crossdating to retain high-frequency variability, climate 
signals, and extreme events in environmental proxies. Global Change Biology, 22:  
2582-2595. doi:10.1111/gcb.13256 
 
Biondi, F., & Qeadan, F. (2008). A theory-driven approach to tree-ring standardization: 
defining the biological trend from expected basal area increment. Tree-Ring Research, 
64(2), 81-96. 
 
Bishop, D. A., C. M. Beier, N. Pederson, G. B. Lawrence, J. C. Stella, and T. J. Sullivan. 
2015. Regional growth decline of sugar maple (Acer saccharum) and its potential causes. 
Ecosphere 6(10):179. doi: http://dx.doi.org/10.1890/ES15-00260.1 
 
Bonan G. 2008. Forests and Climate Change: Forcings, Feedbacks and the Climate 
Benefits of Forests. Science 320: 1444-1449. 
 
Biondi, F., & Qeadan, F. (2008). A theory-driven approach to tree-ring standardization: 
defining the biological trend from expected basal area increment. Tree-Ring Research, 
64(2), 81-96. 
 
Bond-Lamberty, B., Rocha, A. V., Calvin, K., Holmes, B., Wang, C. and Goulden, M. L. 
(2014), Disturbance legacies and climate jointly drive tree growth and mortality in an 
intensively studied boreal forest. Global Change Biol, 20: 216–27. doi:10.1111/gcb.12404 
 
Brodribb TJ and H Cochard. 2009. Hydraulic failure defines the recovery and point of 
death in water stressed conifers. Plant Physiology 149: 575-584. 
 
Brown, S. L., & Schroeder, P. E. (1999). Spatial patterns of aboveground production and 
mortality of woody biomass for eastern US forests. Ecological Applications, 9(3), 968-
980. 
 
Bugmann, H. (2001). A review of forest gap models. Climatic Change, 51(3-4), 259-305. 
 
Bunn AG (2008). “A dendrochronology program library in R (dplR).” 
Dendrochronologia, 26(2), pp.115-124. ISSN 1125-7865, DOI: 
http://doi.org/10.1016/j.dendro.2008.01.002 
 
Bunn AG (2010). “Statistical and visual crossdating in R using the dplR library.” 
Dendrochronologia, 28(4), pp. 251-258. ISSN 1125-7865, DOI: 
		
111 
http://doi.org/10.1016/j.dendro.2009.12.001 
 
Andy Bunn, Mikko Korpela, Franco Biondi, Filipe Campelo, Pierre Mérian, Fares 
Qeadan and Christian Zang (2016). dplR: Dendrochronology Program Library in R. R 
package version 1.6.4. http://CRAN.R-project.org/package=dplR 
 
Canham, Charles D. 1988. Growth and canopy architecture of shade-tolerant trees: 
response to canopy gaps. Ecology, 69(3): 786-795 
 
Canham, CD, R.K. Kobe, E.F. Latty, R.L. Chazdon. (1999). Interspecific and 
intraspecific variation in tree seedling survival: effects of allocation to roots versus 
carbohydrate reserves.  Oecologia 121(1):1-11. 
 
Canham C.D., LePage, P.T., Coates, D.K. 2004. A neighborhood analysis of canopy tree 
competition: effects of shading versus crowding. Canadian Journal of Forest Research, 
2004, 34:778-787, doi:10.1139/x03-232  
 
Carbone, M. S., Czimczik, C. I., Keenan, T. F., Murakami, P. F., Pederson, N., Schaberg, 
P. G., Xu, X. and Richardson, A. D. (2013), Age, allocation and availability of 
nonstructural carbon in mature red maple trees. New Phytologist, 200: 1145–1155. 
doi:10.1111/nph.12448 
 
Carnicer, J., Coll, M., Ninyerola, M., Pons, X., Sánchez, G. and J. Peñuelas 
Chapin FS, Schulze E, Mooney HA. 1990. The ecology and economics of storage in 
plants. Annual Review of Ecology and Systematics (21), 423–447 
 
Caspersen, J. P., Pacala, S. W., Jenkins, J. C., Hurtt, G. C., Moorcroft, P. R., & Birdsey, 
R. A. (2000). Contributions of land-use history to carbon accumulation in US forests. 
Science, 290(5494), 1148-1151. 
 
Champely, S. (2016). pwr: Basic Functions for Power Analysis. R package version 1.2-0. 
http://CRAN.R-project.org/package=pwr 
 
Chow, P. S., & Landhäusser, S. M. (2004). A method for routine measurements of total 
sugar and starch content in woody plant tissues. Tree Physiology, 24(10), 1129–36. 
 
Ciais, Philippe, et al. "Carbon and other biogeochemical cycles." Climate change 2013: 
the physical science basis. Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, 
2014. 465-570. 
 
Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed.). 
Hillsdale, NJ: Lawrence Erlbaum. 
 
		
112 
Dietze, M. C. and Matthes, J. H. (2014). A general ecophysiological framework for 
modeling the impact of pests and pathogens on forest ecosystems. Ecology Letters, 17 
(11): 1418 – 1426, doi: 10.1111/ele.12345 
 
Dietze, M. C. and Moorcroft, P. R. (2011). Tree mortality in the eastern and central 
United States: patterns and drivers. Global Change Biology, 17: 3312–3326. 
doi:10.1111/j.1365-2486.2011.02477.x 
 
Dietze, M. C., Sala, A., Carbone, M. S., Claudia, I., Mantooth, J. A., & Richardson, A. D. 
(2014). Nonstructural Carbon in Woody Plants, Annual Review of Plant Biology. 1–37. 
doi:10.1146/annurev-arplant-050213-040054 
 
Douglas Bates, Martin Maechler, Ben Bolker, Steve Walker (2015). Fitting Linear 
Mixed-Effects Models Using lme4. Journal of Statistical Software, 67(1), 1-48. 
doi:10.18637/jss.v067.i01. 
 
Edmondson, JR (2010). The Meteorological Significance of False Rings in Eastern 
Redcedar (Juniperus virginiana L.) from the Southern Great Plains, U.S.A. Tree-Ring 
Research, 66(1):19-33. doi: http://dx.doi.org/10.3959/2008-13.1 
 
Eitzel, M., Battles, J., York, R., Knape, J., & de Valpine, P. (2013). Estimating tree 
growth from complex forest monitoring data. Ecological Applications, 23(6), 1288–96. 
 
Fisher R, N McDowell, D Purves, P Moorcroft, S Stitch, P Cox, C Huntingford, P Meir, 
and FI Woodward. 2010. Assessing uncertainties in a second-generation dynamic 
vegetation model caused by ecological scale limitations. New Phytologist. 187: 666-681. 
 
Foster, J. R., Finley, A. O., D'Amato, A. W., Bradford, J. B. and Banerjee, S. (2016), 
Predicting tree biomass growth in the temperate–boreal ecotone: Is tree size, age, 
competition, or climate response most important? Global Change Biology, 22: 2138– 
2151. doi:10.1111/gcb.13208 
 
Galiano, L., J. Martinez-Vilalta, F. Lloret. 2011. Carbon reserves and canopy defoliation 
determine the recovery of Scots pine 4 yr after a drought episode New Phytologist (190), 
750-759. doi: 10.1111/j.1469-8137.2010.03628.x 
 
Gazol, A., Camarero, J. J., Gutiérrez, E., Popa, I., Andreu-Hayles, L., Motta, R., Nola, P., 
Ribas, M., Sangüesa-Barreda, G., Urbinati, C. and Carrer, M. (2015), Distinct effects of 
climate warming on populations of silver fir (Abies alba) across Europe.  Journal of 
Biogeography, 42: 1150–1162. doi:10.1111/jbi.12512 
 
Gonzalez-Akre, E., V. Meakem, C.-Y. Eng, A. J. Tepley, N. A. Bourg, W. McShea, S. J. 
Davies, and K. Anderson-Teixeira. 2016. Patterns of tree mortality in a temperate 
		
113 
deciduous forest derived from a large forest dynamics plot. Ecosphere 7(12):e01595. 
10.1002/ecs2.1595 
 
Govindarajan, S., Dietze, M., Agarwal, P. K., & Clark, J. (2004, June). A scalable 
simulator for forest dynamics. Proceedings of the twentieth annual symposium on 
Computational geometry (pp. 106-115). ACM. doi: 10.1145/997817.997836 
 
Graves S., Piepho H. P., and Selzer L., with help from Sundar Dorai-Raj (2015). 
multcompView: Visualizations of Paired Comparisons. R package version 0.1-7. 
http://CRAN.R-project.org/package=multcompView 
 
Grubb, Peter J. (2015): Trade-offs in interspecific comparisons in plant ecology and how 
plants overcome proposed constraints, Plant Ecology & Diversity. doi: 
10.1080/17550874.2015.1048761 
 
Grissino-Mayer, HD (2001). Evaluating Crossdating Accuracy: A Manual and Tutorial 
for the Computer Program COFECHA. Tree-ring Research, 57(2), pp. 205-221. 
 
Alejandro Guarín, Alan H. Taylor. 2005. Drought triggered tree mortality in mixed 
conifer forests in Yosemite National Park, California, USA, Forest Ecology and 
Management. 218(1) Pg. 229-244. http://dx.doi.org/10.1016/j.foreco.2005.07.014. 
 
Hadley Wickham (2009). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag 
New York. 
 
Hadley Wickham (2011). The Split-Apply-Combine Strategy for Data Analysis. Journal 
of Statistical Software, 40(1), 1-29. http://www.jstatsoft.org/v40/i01/. 
 
Hartmann, H. and Trumbore, S. (2016), Understanding the roles of nonstructural 
carbohydrates in forest trees – from what we can measure to what we want to know. New 
Phytologist, 211: 386–403. doi:10.1111/nph.13955 
Hendrix, D.L. 1993. Rapid extraction and analysis of nonstructural carbohydrates in plant 
tissues. Crop Science. 33:1306–1311 
 
Hicke, J. A., Allen, C. D., Desai, A. R., Dietze, M. C., Hall, R. J., (Ted) Hogg, E. H., 
Kashian, D. M., Moore, D., Raffa, K. F., Sturrock, R. N. and Vogelmann, J. (2012), 
Effects of biotic disturbances on forest carbon cycling in the United States and Canada. 
Global Change Biology. 18: 7–34. doi:10.1111/j.1365-2486.2011.02543.x 
 
Huston, M. and Smith, T. (1987). Plant Succession: Life History and Competition. 
American Naturalist, 130(2), 168-198. 
 
		
114 
Kinloch, B.B. Jr. 2003. White Pine blister Rust in North America: Past and Prognosis. 
Phytopathology. 93(8): 1044-1047. doi: https://doi.org/10.1094/PHYTO.2003.93.8.1044 
 
Kobe, R.K., Pacala, S.W., Silander, J.A. Jr., Canham, C.D. 1995. Juvenile tree 
survivorship as a component of shade tolerance. Ecological Applications, 5(2), 517-532.  
 
Kobe RK and DK Coates. 1997. Models of sapling mortality as a function of growth to 
characterize interspecific variation in shade tolerance of eight tree species of 
northwestern British Columbia. Canadian Journal of Forest Research. 27(2): 227-236 
 
Kozlowski TT. 1992. Carbohydrate sources and sinks in woody plants. Botanical Review
58: 107-222  
 
Leal, S., Melvin, T. M., Grabner, M., Wimmer, R. and Briffa, K. R. (2007), Tree-ring 
growth variability in the Austrian Alps: the influence of site, altitude, tree species and 
climate. Boreas, 36: 426–440. doi:10.1080/03009480701267063 
 
LeBauer, D., Wang, D., Richter, K., Davidson, C., & Dietze, M. (2013). facilitating 
feedbacks between field measurements and ecosystem models. Ecological Monographs, 
83(2), 133–154. 
 
LeBlanc, D.C., and D.W. Stahle. (2015). Radial growth responses of four oak species to 
climate in eastern and central North America. Canadian Journal of Forest Research. 
45(7): 793-804. doi: https://doi.org/10.1139/cjfr-2015-0020 
 
Le Roux X, Lacointe A, Escobar-Gutiérrez A, Le Dizès S. 2001.Carbon-based models of 
individual tree growth: a critical appraisal. Annals of Forest Science. 58:469–506  
 
Letunic, I., & Bork, P. (2016). Interactive tree of life (iTOL) v3: an online tool for the 
display and annotation of phylogenetic and other trees. Nucleic Acids Research, 44(Web 
Server issue), W242–W245. http://doi.org/10.1093/nar/gkw290 
 
Lorenz, K. and Lal, R. (2010). Carbon Dynamics in Forest Ecosystems. In Carbon 
Sequestration in Forest Ecosystems. Springer Science. 10.1007/978-90-481-3266-9 
 
Maguire, A. J., & Kobe, R. K. (2015). Drought and shade deplete nonstructural 
carbohydrate reserves in seedlings of five temperate tree species. Ecology and Evolution, 
5(23), 5711–5721. 
 
Martínez-Vilalta, J., Sala, A., Asensio, D., Galiano, L., Hoch, G., Palacio, S., Piper, F. I. 
and Lloret, F. (2016), Dynamics of non-structural carbohydrates in terrestrial plants: a 
global synthesis. Ecological Monographs, 86: 495–516. doi:10.1002/ecm.1231 
 
		
115 
Martin-Benito, D. and Pederson, N. (2015), Convergence in drought stress, but a 
divergence of climatic drivers across a latitudinal gradient in a temperate broadleaf forest. 
Journal of Biogeography, 42: 925–937. doi:10.1111/jbi.12462 
 
McConnell, M.E. and Y. Balci. 2014. Phytophthora cinnamomi as a Contributor to White 
Oak Decline in Mid-Atlantic United States Forests. Plant Disease. 98(3): 319-327. 
https://doi.org/10.1094/PDIS-06-13-0649-RE 
 
McDowell N, WT Pockman, CD Allen, DD Brashears, N Cobb, T Kolb, J Plaut, J 
Sperry, A West, DG Williams and EA Yepez. 2008. Mechanisms of plant survival and 
mortality during drought: why do some plants survive while others succumb to drought? 
New Phytologist 178: 719-739. 
 
Medvigy, D., Wofsy, S. C., Munger, J. W., Hollinger, D. Y., & Moorcroft, P. R. (2009). 
Mechanistic scaling of ecosystem function and dynamics in space and time: Ecosystem 
Demography model version 2. Journal of Geophysical Research, 114(G1), 1–21. doi: 
10.1029/2008JG000812 
 
Moorcroft, P., Hurtt, G., & Pacala, S. (2001). A method for scaling vegetation dynamics: 
the ecosystem demography model (ED). Ecological Monographs, 71(4), 557–586. doi: 
10.1890/0012-9615(2001)071[0557:AMFSVD]2.0.CO;2 
 
Oberhuber, W., & Kofler, W. (2000). Topographic influences on radial growth of Scots 
pine (Pinus sylvestris L.) at small spatial scales. Plant Ecology, 146(2), 229-238. 
 
O’Brien, M., Leuzinger, S., & Philipson, C. (2014). Drought survival of tropical tree 
seedlings enhanced by non-structural carbohydrate levels. Nature Climate Change, 
4(June), 710–714. doi:10.1038/NCLIMATE2281 
 
Orwig, DA, Abrams, MD. (1997). Variation in radial growth response to drought among 
species, site, and canopy strata. Trees, 11, 474-484. 
 
Pacala, S. W., C. D. Canham, J. Saponara, J. A. Silander, R. K. Kobe, and E. Ribbens. 
(1996). Forest models defined by field measurements: estimation, error analysis and 
dynamics. Ecological Monographs 66:1–43. 
 
Quentin, Audrey G.,  Elizabeth A. Pinkard, Michael G. Ryan, David T. Tissue, L. Scott 
Baggett, Henry D. Adams, Pascale Maillard, Jacqueline Marchand, Simon M. 
Landhäusser, André Lacointe, Yves Gibon, William R.L. Anderegg, Shinichi Asao, 
Owen K. Atkin, Marc Bonhomme, Caroline Claye, Pak S. Chow, Anne Clément-Vidal, 
Noel W. Davies, L. Turin Dickman, Rita Dumbur, David S. Ellsworth, Kristen Falk, 
Lucía Galiano, José M. Grünzweig, Henrik Hartmann, Günter Hoch, Sharon Hood, 
Joanna E. Jones, Takayoshi Koike, Iris Kuhlmann, Francisco Lloret, Melchor Maestro, 
Shawn D. Mansfield, Jordi Martínez-Vilalta, Mickael Maucourt, Nathan G. McDowell, 
		
116 
Annick Moing, Bertrand Muller, Sergio G. Nebauer, Ülo Niinemets, Sara Palacio, Frida 
Piper, Eran Raveh, Andreas Richter, Gaëlle Rolland, Teresa Rosas, Brigitte Saint Joanis, 
Anna Sala, Renee A. Smith, Frank Sterck, Joseph R. Stinziano, Mari Tobias, Faride 
Unda, Makoto Watanabe, Danielle A. Way, Lasantha K. Weerasinghe, Birgit Wild, Erin 
Wiley, David R. Woodruff (2015) Non-structural carbohydrates in woody plants 
compared among laboratories. Tree Physiology, 35 (11): 1146-1165. doi: 
10.1093/treephys/tpv073 
 
R Core Team (2015). R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/. 
 
Richardson, A. D., Carbone, M. S., Keenan, T. F., Czimczik, C. I., Hollinger, D. Y., 
Murakami, P., Schaberg, P.G., Xu, X. (2013). Seasonal dynamics and age of stemwood 
nonstructural carbohydrates in temperate forest trees. The New Phytologist. 
doi:10.1111/nph.12042 
 
Sala, A. and Hoch, G. (2009), Height-related growth declines in ponderosa pine are not 
due to carbon limitation. Plant, Cell & Environment, 32: 22–30. doi:10.1111/j.1365-
3040.2008.01896.x 
 
Sala, A., Woodruff, D. R., & Meinzer, F. C. (2012). Carbon dynamics in trees: feast or 
famine? Tree Physiology, 1–12. doi:10.1093/treephys/tpr143 
 
Sánchez-Salguero, R., Linares, J. C., Camarero, J. J., Madrigal-González, J., Hevia, A., 
Sánchez-Miranda, Á., Ballesteros-Cánovas, J.A., Alfaro-Sánchez, R., García-Cervigón, 
A.I., Bigler, C., Rigling, A. (2015). Disentangling the effects of competition and climate 
on individual tree growth: A retrospective and dynamic approach in Scots pine. Forest 
Ecology and Management, 358, 12–25. 
doi:http://dx.doi.org/10.1016/j.foreco.2015.08.034 
 
Szeicz, J. M., and G. M. MacDonald. (1994). Age-dependent tree-ring growth responses 
of subarctic white spruce to climate. Canadian Journal of Forest Research. 23: 120–132. 
Doi: https://doi.org/10.1139/x94-017 
 
Smith, A. M. and Stitt, M. (2007), Coordination of carbon supply and plant growth. Plant, 
Cell & Environment, 30: 1126–1149. doi:10.1111/j.1365-3040.2007.01708.x 
 
Smith, B., Prentice, I. C. and Sykes, M. T. (2001), Representation of vegetation dynamics 
in the modelling of terrestrial ecosystems: comparing two contrasting approaches within 
European climate space. Global Ecology and Biogeography, 10: 621–637. 
doi:10.1046/j.1466-822X.2001.t01-1-00256.x 
 
		
117 
Smith MJ, MC Vanderwell, L Lyutsarev, S Emmott and DW Purves. 2012. The climate 
dependence of the terrestrial carbon cycle; including parameter and structural 
uncertainties. Biogeosciences 9: 13439-13496. 
 
Smith S.M., Fulton D.C., Chia T., Thorneycroft D., Chapple A., Dunstan H., Hylton C., 
Zeeman S.C. & Smith A.M. (2004) Diurnal changes in the transcriptome encoding 
enzymes of starch metabolism provide evidence for both transcriptional and post-
transcriptional regulation of starch metabolism in Arabidopsis leaves. Plant Physiology 
136, 2687–2699. 
 
Smith, A. M., & Zeeman, S. C. (2006). Quantification of starch in plant tissues. Nature 
Protocols, 1(3), 1342–5. doi:10.1038/nprot.2006.232 
 
Spetich, Martin A.; Fan, Zhaofei; He, Hong S.; Wang, Wen J.; Crosby, Michael K.; 
Shifley, Stephen R. 2016. Oak decline across the Ozark Highlands- from stand to 
landscape and regional scale processes. In: Proceedings of the 18th biennial southern 
silvicultural research conference. e–Gen. Tech. Rep. SRS–212. Asheville, NC: U.S. 
Department of Agriculture, Forest Service, Southern Research Station. 641. P. 
 
Scott St. George, Toby R. Ault, The imprint of climate within Northern Hemisphere 
trees, Quaternary Science Reviews, Volume 89, 2014, Pages 1-4, ISSN 0277-3791, 
http://dx.doi.org/10.1016/j.quascirev.2014.01.007. 
 
Thomas, Q. R., Canham, C. D., Weathers, K. C., & Goodale, C. L. (2010). Increased tree 
carbon storage in response to nitrogen deposition in the US. Nature Geoscience, 3(1), 13–
17. doi:10.1038/ngeo721 
 
Tilman, D. 1988. Plant Strategies and the Dynamics and Structure of Plant Communities. 
Monographs in Population Biology, Princeton University Press. 360 pp. 
 
Hadley Wickham (2009). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag 
New York. 
 
Hadley Wickham (2011). The Split-Apply-Combine Strategy for Data Analysis. Journal 
of Statistical Software, 40(1), 1-29. http://www.jstatsoft.org/v40/i01/. 
 
Wiley, E., Rogers, B. J., Hodgkinson, R. and Landhäusser, S. M. (2016), Nonstructural 
carbohydrate dynamics of lodgepole pine dying from mountain pine beetle attack. New 
Phytologist, 209: 550–562. doi:10.1111/nph.13603 
 
Wyckoff, PH, Clark, JS (2002). The relationship between growth and mortality for seven 
co-occurring tree species in the southern Appalachian Mountains. Journal of Ecology, 90, 
pp. 604-615. 
 
		
118 
Yoda, K., T. Kira, H. Ogawa, K. Hozumi. 1963. Self thinning in overcrowded pure stands 
under cultivated and natural conditions Journal of Biology, Osaka City University, 
14,106-129. 
 
Zhang, J., Huang, S., F. He. (2015). Half-century evidence from western Canada shows 
forest dynamics are primarily driven by competition followed by climate. Proceedings of  
the National Academy of Sciences of the United States of America, 112, no. 13, 4009 –  
4014. doi: 10.1073/pnas.1420844112  
 
 
		
CURRICULUM VITAE 
	
		
			 	
